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REMARKS 

This paper is submitted in response to the Office Action mailed May 5, 2004. 

Claims 1-39 are pending. Claims 1-3, 7, 9-11, 13-15, 18-20, 28-30, and 36-39 
have been amended, as discussed below. Support for the amendments can be found throughout 
the specification and claims as originally filed and there is no new matter added as a 
consequence of the new claims. Applicants reserve the right to continue prosecution of the 
cancelled subject matter in continuation applications. 

Applicant would like to thank the Examiner for withdrawing the restriction 
requirement in response to the arguments presented in the response mailed September 29, 2004. 

The Rejections under 35 U.S.C. § 1 12. HI Should Be Withdrawn 

Claims 1-17 and 35-39 are rejected under 35 U.S.C. § 1 12, first paragraph, 
because the specification while being enabling for producing a chimeric RNA in a cell in vitro, 
does not allegedly reasonably provide enablement for producing a chimeric RNA in a cell in vivo 
for the therapeutic treatment of conditions associated with papilloma virus pre-mRNA 
expression in a cell. The Examiner alleges that the specification does not enable any person 
skilled in the art to which it pertains or with which it is most nearly connected, to use the 
invention commensurate in scope with the claims. In particular, the Examiner alleges that the 
specification does not provide sufficient guidance such that the ordinary skilled artisan could use 
the teachings of the specification as filed as a guide to use the compounds of the present 
invention to treat conditions associated with defects in the coding region of the papilloma virus 
gene, in a method of gene therapy. Furthermore, the Examiner suggests that there are variety of 
factors associated with gene therapy which allegedly have not been overcome by routine 
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experimentation, such as the unpredictabiUty of efficient dehvery of gene therapy constructs. 
The Examiner alleges that the quantity of experimentation required to practice the claimed 
invention would encompass determining means such that all pre-trans-splicing molecules are all 
expressed in the same diseased cells at the same time and for a sufficient period of time such that 
the desired chimeric mRNA molecule is produced in a therapeutic amount to correct the defect in 
the diseased cells. The Examiner alleges that the specification is lacking specific guidelines, 
which leads the Examiner to conclude that undue experimentation is required, since the above- 
cited steps must be achieved before one is enabled to practice the claimed invention. Applicants 
respectfully traverse the rejection of claims 1-17 and 35-39. 

Applicants submit that the specification provides support and guidance for one of 
skill in the art to make and use the full scope of the claimed invention without undue 
experimentation. The claimed invention must be enabled so that any person skilled in the art can 
make and use the invention without undue experimentation. In re Wands, 858 F2d. at 737, 8 
USPQ2d at 1404 (Fed. Cir. 1988). Claims 1-17 and 35-39 relate to a cell that comprises PTMs 
capable of producing a chimeric RNA, where the PTMs contain a target binding domain specific 
to a viral or papilloma viral pre-mRNA, and methods of producing chimeric RNA using such 
PTMs. The specification discloses producing such chimeric RNA in 293 cells, transfected with 
a plasmid containing the entire HPV-16 early region (specification. Example 13, paras. 00260- 
00266, 00277). The specification also discloses a list of other cells that comprise HPV 
sequences, i.e. W12 (80263), which contain episomal HPV16 sequences (specification, para. 
00276); and HPV-infected cancer cells (specification, paras. 00124, 00268), such as SiHa and 
CaSki cells, both of which contain integrated HPV 16 sequences and are human cervical tumor 
cell lines (specification, para. 00276). The specification also discloses inhibition of the function 
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of papilloma virus RNA and the targeted killing of cancer cells by the expression of toxins, such 
as diptheria toxin sub unit A (specification, paras. 00124, 00268, 00273). 

Applicants strongly disagree with the Examiner's contention that the specification 
fails to provide enablement for producing a chimeric RNA in a cell in vivo for the therapeutic 
treatment of conditions associated with papilloma virus pre-mRNA expression in a cell. 
Example 14 discloses a mouse model for papilloma infections using a xenograft technique 
(specification, paras. 00281). It discusses the animal model, how to create the model, what cells 
and viruses can be used, and clearly states that the disclosed animal model is used to test the in 
vivo efficacy of the anti-papillomavirus PTMs. Specifically, the specification discloses that 
various cells can be grafted onto the backs of nude mice, e.g. keratinocytes infected with human 
or bovine papilloma viruses grown on collagen and fibroblast rafts and human cervical 
carcinoma tissue or cell lines. Therefore, the specification clearly enables for in vivo application 
of the presently claimed nucleic acids and cells. 

In fact, in accordance with the teachings of the specification, a recently published 
manuscript demonstrates in vivo application of PTMs targeted to HPV sequences to image 
expression of HPV E6 and E7 sequences in a live mouse (Bhaumik et al., "Molecular imaging of 
gene expression in living subjects by spliceosome-mediated RNA trans-splicing," Proc Nat Acad 
Sci, 2004, 101 :8693-8698; attached as Exhibit 1). HPV sequences were inserted in a 3' position 
to part of the Renilla luciferase gene and transfected to create a stably transfected human breast 
cancer cell line. Twenty- four hours after the cells were injected into mice, PTMs containing a 
target binding domain to the HPV sequences and remaining 5' portion of the luciferase gene 
were injected into the tail vein of the mouse. The delivery of the PTMs (via liposomes) and 
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trans-splicing reaction in vivo was efficient enough to express luciferase to generate light that 
could be imaged through the living mouse. 

Furthermore, the use of PTMs in vivo have been demonstrated in the correction of 
a Factor VIII deficiency (Chao et al., "Phenotype correction of hemophilia A mice by 
spliceosome-mediated RNA trans-splicing," Nature Medicine, 2003, 9:1-5; attached as Exhibit 
2), and a CD-40 ligand deficiency (Tahara et aL, "Trans-splicing repair of CD40 ligand 
deficiency results in naturally regulated correction of a mouse model of hyper-IgM X-linked 
immunodeficiency," Nature Medicine, 2004, 10:835-841; attached as Exhibit 3). 

AppHcants also disagree with the Examiner's conclusion that the specification is 
not enabling, based on the contention that a prerequisite to practicing the invention involves 
determining that "all pre-trans-splicing molecules are all expressed in the same diseased cells at 
the same time and for a sufficient period of time such that the desired chimeric mRNA molecule 
is produced in a therapeutic amount to correct the defect in the diseased cells." Contrary to the 
examiner's claim, the delivery of every PTM to every cell for expression of every PTM to 
promote trans-splicing is not required to confer a therapeutic benefit. Studies in various animal 
models show that cystic fibrosis, hemophiha A, and X-linked SCID can be corrected with low 
levels of trans-splicing. For example, expression of PTMs targeting endogenous mutant CFTR 
caused partial correction, i.e. approximately 22% of normal CFTR function, of the CFTR- 
mediated ion transport defect in a human bronchial xenograft model system (Liu et al., "Partial 
correction of endogenous DeltaF508 CFTR in human cystic fibrosis airway epithelia by 
spliceosome-mediated RNA trans-splicing," Nature Biotech. 20:47-52, attached as Exhibit 4). In 
fact, the correction of the CD40L deficiency through the administration of PTMs to CD40L 
knockout mice occurred with a trans-splicing efficiency as low as 1.2% (Tahara et al., p. 836, 
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col. 2, lines 31-33, Exhibit 3). In addition, a target pre-mRNA, spliced by a PTM, generates a 
chimeric RNA that can be translated multiple times. To promote translation of the chimeric 
RNA, the PTM may be designed to incorporate polyadenylation signals and protective groups to 
promote stability of the chimeric RNA product. Therefore, neither 100% delivery, 100% 
expression, nor 100% trans-splicing efficiency is required. 

In contrast to RNAi or anti-sense strategies, which need to block all or nearly all disease 
causing mRNAs, the presently claimed compositions do not require each and every diseased 
transcript to be eliminated. For example, the expression of a single disease message to kill the 
cell, for example as in the use of diphtheria toxin subunit A, can be effective v^ithout having to 
target and eliminate each transcript. Therefore, applicants submit that the Examiner's 
requirement for elevated expression through a method of gene therapy is obviated. Applicants 
further submit that specification teaches that the PTM is administered in amounts effective to 
achieve a desired therapeutic effect (specification, para. 00148). Therefore, applicants assert that 
there is no undue experimentation required to practice the claimed invention and the full scope of 
claims 1-17 and 35-39 is enabled. 

Claims 1-39 are also rejected under 35 U.S.C. §1 12, first paragraph, as failing to 
comply with the written description requirement. The Examiner alleges that the claims contain 
subject matter which was not described in such a way as to reasonably convey to one skilled in 
the art that the inventors, at the time the application was filed, had possession of the claimed 
invention. In particular, the Examiner alleges that the specification does not teach the skilled 
artisan how to predict the structures of the full scope of "target binding domains." The Examiner 
alleges that the skilled artisan would not be able to predict the actual structural description of the 
full scope of target binding domains that target binding of the nucleic acid molecules of the 
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invention to a papilloma viras pre-mRNA encompassed by the present claims. The Examiner 
alleges that the inventors do not have possession, because the specification does not provide an 
adequate description of the target binding domains, since the papilloma viruses are both species 
and cell-type specific. 

Applicants submit that the specification provides adequate description of 
papilloma viruses in sufficient detail to have possession of the claimed invention. To satisfy the 
written description requirement, a patent specification must describe the claimed invention in 
sufficient detail that one skilled in the art can reasonably concluded that the inventor had 
possession of the claimed invention. See, e.g. Vas-Cath, Inc. v. Mahurkar, 935 F.2d at 1563, 19 
USPQ2d at 1 1 16. The specification discloses specific HPV16 regions, E6 and E7, used as the 
target sequences, since their gene products are expressed in cervical tumors. In addition, the 
specification discloses various papilloma viruses, e.g. human, bovine and other mammalian 
papilloma viruses. The sequences of bovine and mammalian papilloma viruses, e.g. equine, have 
been identified and are available through public databases, such as NCBI. Given the knowledge 
of the skilled artisan, the availability of various papilloma viral sequences, and the disclosure of 
specific examples of sequences from a human papilloma virus, applicants assert that one skilled 
in the art would reasonably conclude that the inventor had possession of the claimed invention. 
However, applicants have also amended claims 1-3, 7, 9-11, 13-15, 18-20, 28-30, and 36-39 to 
recite a human papilloma virus pre-mRNA. Support for the amendment can be found throughout 
the specification and claims as filed, and in particular, in para. 0125. Therefore, applicants 
submit that claims 1-39 satisfy the written description requirement. 

For the foregoing reasons, Apphcants respectfully request the withdrawal of the 
rejections under 35 U.S.C. § 1 12, first paragraph of claims 1-39. 
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Double Patenting Rejections 

Claims 1-39 are rejected under the judicially created doctrine of obviousness-type 
double patenting as being unpatentable over claims 1-39 of U.S. Patent No. 6,013,487 in view of 
Hendricks et al. (U.S. Patent No. 5, 580,970A). 

Applicants will submit a terminal disclaimer, if appropriate, once Applicants have 
successfully overcome the remaining outstanding rejections and the Examiner has indicated 
allowance of claims. 

Applicants further submit that the claims of the present invention are not 
anticipated by or obvious over the claims of Hendricks et al. Hendricks does not claim the cells, 
nucleic acids or methods of the present invention and cannot be used in combination with 
another reference in a double patenting rejection. 
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CONCLUSION 



In view of the foregoing, we respectfully submit that all pending claims are 



allowable and that the application is otherwise in condition for allowance. AppUcants 



respectfully request the issuance of a Notice of Allowance. 



Applicants request a three month extension of time and encloses herewith the 



requisite fee as set forth in 37 C.F.R. § 1.17(a)(3). Applicant does not believe that any additional 
fee is required in connection with the submission of this document. However, should any fee be 
required, or if any overpayment has been made, the Commissioner is hereby authorized to charge 
any fees, or credit any overpayments made, to Deposit Account 02-4377. A duplicate copy of 
this sheet is enclosed. 




Rochelle K. Seide 

Patent Office Reg. No. 32,300 

Attorney for Applicants 



Dana Lau 



Patent Office Reg. No. 55,361 
Agent for Applicants 



BAKER BOTTS L.L.P. 

30 Rockefeller Plaza 

New York, New York 101 12-4498 

(212) 408-2500 
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Molecular imaging of gene expression in living 
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spliceosome-mediated RNA trans-splicing (SMaRT) provides an 
effective means to reprogram mRNAs and the proteins they en- 
code. SMaRT technology has a broad range of applications, includ- 
ing RNA repair and molecular imaging, each governed by the 
nature of the sequences delivered by the pre-trans-splicing mole- 
cule. Here, we show the ability of SMaRT to optically image the 
expression of an exogenous gene at the level of pre-mRNA splicing 
in cells and living animals. Because of the modular design of 
pre-trans-splicing molecules, there is great potential to employ 
SMaRT to image the expression of any arbitrary gene of Interest in 
living subjects. In this report, we describe a model system that 
demonstrates the feasibility of imaging gene expression by trans- 
splicing in small animals. This represents a previously undescrlbed 
approach to molecular imaging of mRNA levels in living subjects. 

mRNA repair | gene correction j reporter 

In the postgenomic era, a great impetus has been generated 
toward designing therapeutic and diagnostic agents that are 
able to capitalize on the wealth of genetic information now 
available. Although proteins are the ultimate effectors of genetic 
programming, there are several preceding steps in the cascade of 
gene expression where interventions for therapy or diagnosis are 
possible. Because of the complex tertiary folding and singular 
structure of each individual protein, it is unfeasible (at present) 
to design molecules specific for an arbitrary protein based on 
sequence alone. However, given that the principles behind 
targeting arbitrary nucleic acid sequences have been well estab- 
lished (1) and our profound knowledge of the human genomic 
sequence, it is practicable to design molecules that interact with 
specific genes at the nucleotide level By exploiting the Watson- 
Crick base-pairing nature of nucleic acids, researchers have been 
able to design sequence-specific molecules for purposes ranging 
from in vivo antisense therapeutics to in vitro detection (2, 3). 

The concept of therapeutic intervention at the level of nucleic 
acids has been advanced recently by spliceosome-mediated RNA 
trans-splicing (SMaRT) (4, 5). SMaRT has effectively repaired 
disease-causing mutant genes at the level of RNA splicing for 
several disorders including hemophilia and cystic fibrosis (6, 7). 
The principle behind SMaRT is centered on the use of engi- 
neered pre-trans-splicing molecules (PTMs), which can replace 
the mutated portion of a disease-causing gene with the wild-type 
sequence. SMaRT can also be used to regulate the trans-splicing 
and expression of almost any desired gene sequence, such as 
those encoding reporter or toxic molecules (4, 8). Embedded 
within each PTM are active splicing elements that are recog- 
nized by the cell's splicing machinery. These promote the 
formation of spliceosome complexes that trans-splice the PTM 
encoded exon(s) into the target transcript rather than allowing 
cis-splicing within the target pre-mRNA to occur. The specificity 
of the trans-splicing reaction is conferred primarily by the 
binding domain of the PTM, which is designed to be comple- 
mentary to intronic sequences in the target of interest (8). 

Building on the previous successes with therapeutic applica- 
tions of SMaRT (6, 7), we decided to apply this platform 
technology to the field of molecular imaging by reprogramming 
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expressed pre-mRNAs to encode reporter molecules that are 
used for imaging purposes. The rapidly emerging field of mo- 
lecular imaging has concerned itself with designing strategies for 
noninvasively investigating molecular events on a global scale 
in living animals (9). To do so, various modalities are used, 
including cooled charge-coupled device (CCD) cameras for 
optical imaging, single-photon emission computed tomography 
(SPECT), and positron emission tomography (PET) for radio- 
nuclide imaging and MRI (9). Given the rapid production and 
highly modular nature of designing antisense oligonucleotide 
probes for nucleic acid targets, a key goal for this field is to 
develop a system for imaging any arbitrary nucleic acid sequence 
in vivo. Accomplishing this objective would allow investigators to 
target and image the expression of any gene of interest. 

Our strategy for imaging mRNA with SMaRT technology has 
several advantages over more classical methods, such as radio- 
labeled antisense oligonucleotides (RASONs), but retains the 
specificity for targeting endogenous nucleic acids. Fig. 1 high- 
lights the attributes of SMaRT for imaging endogenous mRNA. 
As a genetically encoded imaging system, SMaRT possesses the 
advantage of signal amplification at multiple steps (an attribute 
that antisense oligonucleotides do not have). Multiple hybrid 
proteins are translated for each composite mRNA produced, and 
if the protein encoded is an enzyme, each of these can convert 
many substrate molecules, resulting in multiple signals generated 
for each recognition event. 

To demonstrate the potential of SMaRT for imaging the 
expression of an mRNA, we constructed a target gene consisting 
of a portion encoding for the Renilla luciferase bioluminescent 
protein coupled to intronic and exonic sequences from the 
human papillomavirus type 16 (HPV-16). Renilla luciferase was 
chosen because it has proven to be a very sensitive biolumines- 
cent reporter (10). Sequences from HPV-16 were used because 
of their clinical relevancy and sequence familiarity. Expressed 
alone, the Renilla protein fragment does not possess any biolu- 
minescent activity. To generate luciferase, we engineered a PTM 
containing the remaining portion of Renilla luciferase as a "3' 
exon" and a binding domain specific for HPV-16. When the 
PTM trans-splices specifically into the target pre-mRNA, full- 
length Renilla luciferase mRNA and functional protein are 
produced, generating a bioluminescent signal. In this report, we 
show that SMaRT technology can create enzymatic activity and 
that the resultant signal can be detected both in cell culture and 
living animals. 

Methods 

Recombinant Pre-mRNA Target and Trans-Splicing PTM Constructs. To 

investigate the potential use of SMaRT for molecular imaging of 
gene expression, a model system was designed by using the 
synthetic Renilla luciferase (hRLuc) bioluminescent reporter 



Abbreviations: SMaRT, spliceosome-mediated RNA trans-splicing; PTM, pre-trans-splicing 
molecules; RASON, radiolabeled antisense oligonucleotide; HPV, human papillomavirus; 
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Fig. 1. Advantages of SMaRT over RASONs. RASONs are designed to hybrid- 
ize to target mRNA to produce imaging signal. The SMaRT strategy uses 
trans-splicing of target mRNA to lead to hybrid proteins that are capable of 
being imaged. RASONs are limited in their use for in vivo imaging by several 
problems including nonspecific binding to proteins, a lack of efflux when no 
target mRNA encountered, and a limited amount of signal produced for each 
detection event. SMaRT has the advantages in delivery of a genetically en- 
coded system as well as several stages of signal amplification that make it a 
more promising approach to in vivo imaging of mRNA. 



gene. This prototype system is predicated on data that show that 
the hRLuc gene can be spHt into separate halves, which, if 
expressed individually, retain little to no bioluminescent activity 
in the presence of coelenterazine substrate (11). Thus, two 
plasmid constructs were generated, one that codes for the target 
pre-mRNA and contains the N terminus portion of the hRLuc 
gene as well as intronic and exonic sequences from the E6 and 
E7 oncoproteins of the HPV-16 (Fig. 24). The other construct 
codes for the HPV target-specific PTM and contains the C 
terminus portion of the hRLuc gene as well as the components 
necessary to produce trans-splicing (Fig. 2B). These trans- 
splicing elements include a binding domain (BD) complemen- 
tary to the target, a short spacer, and 3' splice elements (branch 
point, polypyrimidine tract, and acceptorjAG). The BD localizes 
the PTM and its active splice site to the vicinity of the target 
pre-mRNA. This interaction facilitates the specific trans-splicing 
reaction between splice sites in the target and PTM, splicing the 
C terminus portion of hRLuc adjacent to the N terminus portion, 
thus creating full-length Renilla luciferase (Fig. 2C). 

The structures of LucHPVT3 and LucPTM37, as well as the 
proposed trans-splicing scheme between the two, are illustrated 
in Fig. 2. Both the target-expressing plasmid, pcLucHPVT3, and 
PTM-expressing plasmid, pcLucPTM37, were produced by li- 
gating PCR-amplified fragments into the pcDNA3.1(-) vector 
backbone (Invitrogen). For the target plasmid, an 886-bp DNA 
fragment containing the N terminus portion of the humanized 
Renilla luciferase (hRLuc) was PCR-amplified from the phRL- 
SV40 vector (Promega). The primers used to produce the N 
terminus hRLuc insert were synthesized as follows: (Luc-16F) 
5'-C TAG GCT AGC ATG GCT TCC AAG GTG TAG GAG 
CCC G . a 35-mer upstream primer introducing an Nhe\ site (in 
bold) and with the underlined region homologous to nucleotides 
1-24 of the hRLuc gene; (Luc-37R) 5'-C TAG GGA TCC.4Cr 
TAC CAC GAA GCT CTT GAT GTA CTT ACC CAT TTC 
a 46-mer downstream primer introducing a BamHl site (in bold) 
with the underlined region complementary to nucleotides 856- 
886 of the hRLuc gene and the italicized region coding for a 5' 
donor site. Likewise, a 655-bp DNA fragment corresponding to 
portions of the E6 and E7 oncoproteins from human papillo- 
mavirus (HPV) type 16 was generated by using primers: (Luc- 
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Fig. 2. Schematic diagrams of the PTM and pre-mRNA target used for 
imaging gene expression. (A) The pre-mRNA target LucHPVT3, contains the 
N-terminal portion of hRLuc coding sequence coupled to exonic and intronic 
sequences of the HPV-16 E6 and E7 oncoproteins. Dotted lines indicate cis- 
splicing of the target, (fi) LucPTM37 codes for the trans-splicing components 
(binding domain, spacer, and 3' splice elements) as well as the C terminus 
portion of the hRLuc coding sequence. (O Schematic representation of SMaRT 
reaction. Arrows indicate target (forward) and PTM (reverse) primers used for 
measuring specific trans-splicing. BP, branchpoint; PPT, polypyrimidine tract; 
ss, splice site; SJ, splice junction. 



19F) 5'-C TAG GGA TCC GAG TTT GCT TTT CGG GAT 
TTA TGC . a 34-mer upstream primer introducing a fiomHI site 
(in bold) with the underlined region homologous to nucleotides 
233-246 of the HPV gene target; (Luc-20R) 5'-C TAG AAG 
CTT TTA CTG CAG GAT GAG CCA TGG TAG, a 34-mer 
downstream primer introducing a Hindlll site (in bold) with the 
underlined region containing a stop codon and complementary 
to nucleotides 866-880 of the HPV gene target. After amplifi- 
cation, the hRLuc PGR product was digested with Nhel and 
BaniHl. Similarly, the HPV PGR product was digested with 
BamHl and HindUl, and the pcDNA3.1(-) vector was digested 
with Mhel and Hindlll. The products of all three digestions were 
gel purified and then ligated to generate pcLucHPVT3. 

To construct the PTM-expression plasmid, a 50-bp DNA 
fragment containing the C terminus portion of the hRLuc gene 
was PCR-amplified by using the following primers: (Luc-22F) 
5'-C TAG GAT ATC CAG GTA AGT ACA TCA AGA GCT 
TCG, a 34-mer upstream primer introducing an EcoRV site (in 
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bold) with the underlined region homologous to nucleotides 
887-907 and the italicized region introducing a 3' splice acceptor 
site; (LUC-23R) 5'-CTAG AAG CTT TTA CTG CTC GTT CTT 
CAG CAC . a 31-nier downstream primer introducing a HindlU 
site (in bold) with the underlined region complementary to 
nucleotides 916-936 of hRLuc. To assemble the elements nec- 
essary for trans-splicing to occur (i.e., binding domain, spacer, 
branchpoint, and polypyrimidine tract) without any extraneous 
nucleotides, oligonucleotides were synthesized with Nhel and 
EcoRY restriction sites at the 5' and 3' ends, respectively. The 
synthetic oligos were annealed by healing to 95°C and then 
allowed to cool to room temperature. The annealed oligos and 
hRLuc fragment were then ligated into an Nhel- and EcoRV- 
digested pcDNA3.1(-) vector to generate pcLucPTM37. 

Cell Culture and Transfectlons. Neuro-2a (N2a) mouse neuroblas- 
toma cells were maintained in DMEM, supplemented with 10% 
PCS and 1% penicillin-streptomycin. To assess the ability of 
LucPTM37 to trans-splice into LucHPVT3, N2a cells were 
plated in 12-weIl plates, 60-mm dishes, or 100-mm dishes. 
Twenty-four hours later, the cells were transiently transfected 
with either pcLucHPVT3 or pcLucPTM37, or cotransfected with 
both pcLucHPVT3 and pcLucPTM37 by using SuperFect Trans- 
fection Reagent (Qiagen, Valencia, CA). Cells transfected with 
pCMV-hRL (Promega) were used as the positive control and 
mock- transfected cells were used as the negative control. 

Luminometer Measurements. All bioluminescence assays were 
performed by using a TD 20/20 luminometer (Turner Designs, 
Sunnyvale, CA). Cells transfected in 12-well plates were lysed by 
using passive lysis buffer (Promega). Five microliters of cell 
lysate were mixed with 100 /xl of coelenterazine (1 txg/m\ in 
sodium phosphate buffer), and the reaction was measured in 
relative light units (RLU) over 10 s in the luminometer. Protein 
content of the cell lysate was measured by using Bio-Rad protein 
assay reagent (Bio-Rad Laboratories, Hercules, CA) in a Beck- 
man DU-50 spectrophotometer (Beckman Coulter, Fullerton, 
CA), and luminescence results were reported as RLU per jxg of 
protein per second. 

Detection of Trans-Spliced Products by RT-PCR. To confirm that the 
intact hRLuc message was produced by trans-splicing, total 
RNA was isolated from cells transfected in 60-mm dishes or 
excised organs by using the RNeasy kit (Qiagen). RT-PCR was 
performed by using the EZ rTth RNA PCR kit (Applied 
Biosystems) using 200 ng of total RNA and 100 ng each of the 
following primers designed to span the splice junction of the 
repaired hRLuc gene: (Luc-42F) 5'-GGA TAT CGC CCT GAT 
CAA GAG; or (Luc-41R) 5'-CTG CTC GTT CTT CAG CAC 
GCG. RT-PCRs were performed by using a PTC-200 Thermal 
Cycler (MJ Research, Reno, NV) and the following protocol: 
60''C for 45 min, 94°C for 1 min, 35 cycles of 94*C (1 min), 48"C 
(1 min), 72°C (1 min), and a final extension step at 72**C for 15 
min. The products were analyzed by gel electrophoresis using 2% 
agarose gels and stained with ethidium bromide. To confirm 
their identity, PCR bands were excised from the gels and 
sequenced by the UCLA Sequencing and Genotyping Core 
(University of California, Los Angeles). 

Introduction of Transiently Transfected Cells Into Mice. All animal 
handling was performed in accordance with the University of 
California Los Angeles Animal Research Committee guidelines. 
Twenty-four hours after transfection, cells were collected by 
trypsinization, washed with PBS, counted, and then resuspended 
in PBS. Nude mice, *^24 g in weight and 4 weeks old (Charles 
River Breeding Laboratories) were anesthetized by i.p. injec- 
tions of ^'lO /jlI of a ketamine/xylazine (4:1) solution. After 
anesthetization, cells transiently transfected with pcLucHPVT3 
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(5 X 10^ cells, suspended in 100 fxl of PBS) or mock-transfected 
cells were implanted s.c. on the left and right side, respectively, 
of each animal's back (n = 6). Alternatively, mice were injected 
via the tail vein with cells (1 X 10^ cells, suspended in 100 ^1 of 
PBS) transiently transfected with pcLucHPTV3 (n = 8) or 
mock-transfected cells (n = 3). 

In Vivo Tf-PEI/DNA Polyplex Delivery of LucPTM37 to Mice. The use 

of PEI polycation components for gene delivery has been 
described (12). Briefly, PEI components consisting of Tf-PEI25 
and PEI22 (graciously provided by E. Wagner, Boehringer 
Ingelheim) were mixed in HBS buffer (75 mM NaCl/20 mM 
Hepes, pH 7.3) with 50 /xg of pcLucPTM37 and incubated at 
room temperature for 20 min. Before injection, the complexes 
were adjusted with a 2.5% glucose solution to ensure physiologic 
iso-osmolarity. For the animals in which target-expressing cells 
were s.c. implanted, Tf-PEI-PTM37 complexes were injected via 
tail vein 24 h after target cell implantation and then scanned 24 h 
after Tf-PEI-PTM37 injection. For the animals in which target- 
expressing cells were injected intravenously, a subset {n = 3) was 
injected via tail vein with a single dose (1 dose = 50 ixg 
pcLucPTM37) of the Tf-PEI-PTM37 complexes 4 h after cell 
injection. A second subset {n = 3) was injected with two doses, 
the first occurring 4 h after cell injection, and the second 
occurring 24 h after administration of the first dose. Both subsets 
of mice were scanned at 24, 48, and 72 h after the initial PTM 
injection. One subset (n = 2) of mice injected intravenously with 
target-expressing cells were scanned without being administered 
the Tf-PEI-PTM37 complexes to determine background levels 
of luminescence. 

Imaging and Quantification of Bioluminescence. For small animal 
bioluminescence imaging, a Xenogen in vivo Imaging System 
(I VIS) (Xenogen, Alameda, CA) was used. Immediately before 
scanning, animals were anesthetized as before, and then injected 
via tail vein with coelenterazine (2.1 mg/kg of body weight). 
Animals were then placed directly in the imaging chamber, and 
whole body images were acquired for 5 min. Regions of interest 
(ROI) of constant area were manually drawn over areas of signal 
intensity by using the living image software (Xenogen) and 
results were reported as maximum intensity values within an 
ROI in photons per second per cm^ per steridian (sr). 

Results 

Reporter Gene Activity Is Restored by Trans-Splicing in Cell Culture. 

To evaluate the efficiency of the trans-splicing reaction, cells 
were transiently transfected with a plasmid expressing the pre- 
mRNA target, pcLucHPVT3, a plasmid expressing the PTM, 
pcLucPTM37, or both at a 1:1 ratio. Cells transfected with only 
the target or PTM plasmid showed minimal bioluminescence 
over background levels, indicating that cis-splicing of the target 
pre-mRNA does not result in functional Renilla luciferase and 
that the portion of hRLuc contained in the PTM is not sufficient 
for bioluminescent activity. When cells were cotransfected with 
both the target and PTM, a substantial gain in signal was 
observed. This strongly suggests that LucPTM37 is able to 
trans-splice into the LucHPVT3 pre-mRNA and reconstitute 
fully active Renilla luciferase. The luciferase signal produced by 
trans-splicing was compared against the signal from cells trans- 
fected with a plasmid coding for constitutively expressed full 
length hRLuc (pCMV-hRL) to estimate the efficiency of trans- 
splicing. Analysis revealed that the signal obtained from trans- 
splicing in cells co- transfected with both LucHPVT3 (target) and 
LucPTM37 (PTM) is 22-29% of the signal obtained from cells 
constitutively expressing full length hRLuc (Fig. 3A). As both 
the target pre-mRNA and PTM are under control of the CMV 
promoter, the pCMV-hRL control allows us to reasonably 
approximate trans-splicing efficiency. However, it is important 
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Fig. 3. mRNA repair and restoration of Luciferase function in cells. (A) 
Luminometer results reflecting the bioluminescence produced from hRLuc, 
generated by either the SMaRT trans-spilcing reaction between HPVT3 and 
PTM37 or constitutivety expressed full-length hRLuc. (fi) RT-PCR results of 
fragments amplified by primers specific for opposite sides of the junction 
created by trans-splicing (lane 4). No evidence of trans-splicing was detected 
in mock-transfected cells or in cells transfected with plasmlds expressing either 
target or PTM only (lanes 1-3), 

to note here that this is not a measurement of trans-splicing 
efficiency alone. Rather, this estimation is a function, not only of 
trans-splicing efficiency, but also includes the transfection and 
transcriptional efficiency of the two plasm id system. 

Little to no luciferase signal above background levels was 
detected in cells cotransfected with LucHPVT3 and a splice 
incompetent PTM that lacks functional 3' splice elements (data 
not shown). These results further confirm that the luciferase 
signal observed in cotransfected cells is caused by trans-splicing 
between target pre-mRNA and PTM and is not caused by 
complementation of luciferase peptides separately expressed by 
the target and PTM. 

RT-PCR Confirms Trans-Splicing Between Target Pre-mRNA and PTM in 
Cells. RT-PCR was performed to demonstrate that PTM- 
mediated trans-splicing generated full-length hRLuc transcripts. 
Twenty-four hours after transfection, total RNA was isolated 
from the cells, and hRLuc transcripts were amplified by RT-PCR 
with primers specific to opposite sides of the splice junction. 
Thus, only the products of trans-splicing reactions were ampli- 
fied. Performing RT-PCR with primers Luc-42F/Luc-41R by 
using RNA isolated from cells expressing LucHPVT3 and 
LucPTM37 produced a product of 203 bp, which matched with 
the predicted product size generated with the same primers using 
RNA from cells transfected with pCMV-hRL (Fig. 35, lanes 4 
and 5). No specific product was detected in mock-transfected 
cells or in cells transfected with target or PTM only (Fig. 3B, 
lanes 1-3). 

Trans-Splicing Can Be imaged in Living Mice. Two experimental 
approaches were pursued to demonstrate that molecular imaging 
by trans-splicing could be achieved in living subjects. The first 
used s.c. implanted target-expressing cells as tumors in nude 
mice. A total of 5 X 10^ N2a cells were transiently transfected 
with pcLucHPVT3 or mock transfected and then implanted 
bilaterally on the dorsal sides of mice (n = 6). Twenty-four hours 
after implantation, Tf-PELPTM37 polycation complexes were 
injected into the mice via the lateral tail-vein by using a 
poly(ethyleneimine) delivery system described elsewhere (12). 
Briefly, these polycation compounds complex with DNA be- 
cause of their mutually attractive electric charges. By complexing 
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Fig, 4. Optical imaging of s.c. tumors in living mice using SMaRT. (A) Cells 
transfected with the pre-mRNA target LucHPVT3, or mock transfected were 
implanted s.c. onto different sides of a living mouse as shown. Twenty-four 
hours later, the mouse was injected with the Tf-PEI-PTM37 complexes via 
lateral tail vein, and then, 24 h after that, the mice were injected with 
coetenterazine and imaged by using a charge-coupled device camera. (B) ROl 
analysis of the maximum bioluminescent signal emitted from control and 
target-expressing tumors. 

transferrin with the polycations, these compounds can selectively 
deliver DNA to cancer cells, which overexpress transferrin 
receptors. Twenty-four hours after PTM delivery, the mice were 
injected with coelenterazine and imaged by using a charge- 
coupled device (CCD) camera. As seen in Fig. 44, the tumor site 
expressing the LucHPVT3 target emitted a detectable biolumi- 
nescent signal after LucPTM37 delivery. ROI analysis revealed 
that the signals from target-positive tumors are 2-fold greater 
than the background bioluminescence emitted from control 
tumors (Fig. 4B). 

In the second approach, we examined whether trans-splicing 
could be observed in deeper tissues. To this end, we injected 1 X 
10^ N2a cells, transiently transfected with pcLucHPVT3, via the 
lateral tail vein into nude mice. Four hours after lateral tail-vein 
injection of the target-expressing cells, the Tf-PEI-PTM37 com- 
plexes were also injected via tail vein. Mice were then injected 
with coelenterazine substrate and scanned before PTM delivery 
and then again at 24, 48, and 72 h after LucPTM37 injection. 
Although it was predicted that the N2a-HPVT3 cells would 
become lodged in the lungs after i.v. administration, it was 
observed that bioluminescence was primarily emitted from the 
liver, before (Fig. 5^) and after (Fig. 5J5) delivery of LucPTM37. 
This suggests that the N2a-HPVT3 ceils travel throughout the 
vasculature until ultimately becoming lodged in hepatic tissue. 
Max-value ROI analysis revealed that the background biolumi- 
nescence produced by the N2a-HPVT3 cells in the liver is 1.1 X 
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Fig. 5. Optical cell trafficking imaging using SMaRT. (A) Background bioluminescence produced by cells transiently transfected with LucHPVTS and injected 
into a living mouse via the tail vein. (6) Bioluminescence observed in the same mouse seen in A, 48 h after injection of Tf-PEI-PTM37 complexes. (O ROI analysis 
of bioluminescent signals emitted as a function of time after PTM-injection. The signal peaks at 2 days after injection and then subsides by day three. (D) Effects 
of multiple PTM-injections as assessed by ROI. Maximum signal is achieved by injecting a second PTM dose 24 h after the first PTM dose, and then imaging 48 h 
after the final injection, (f) RT-PCR results using total RNA isolated from the liver of mice injected with either zero (lane 1), one (lane 2), or two (lane 3) doses 
of Tf-PEI-PTM37 and using primers specific for opposite sides of the junction created by trans-splicing. (/O Sequencing results of RT-PCR products seen in f . 
Sequence analysis confirmed that the bands produced by RT-PCR are identical to the hRLuc sequence. 



10"^ ± 3.0 X 10^ p/s/cmVsr (Fig. 5C). After a single dose of 
LucPTM37, the maximum signal was observed at 48 h (3.3 X 10^ 
± 9.3 X 10^ p/s/cmVsr) and then subsided by 72 h after injection 
(1.3 X lO"* ± 1.7 X 10^ p/s/cmVsr) (Fig. 5C). In an attempt to 
maximize the signal, we studied the effect of multiple doses of 
LucPTM37, A subset of mice injected intravenously with N2a- 
HPVT3 cells was given two doses of LucPTM37, with the first 
dose administered 4 h after target cell delivery, and the second 
dose given 24 h after the first (Fig. 5/)). Max-value ROI analysis 
revealed that, within 48 h after the second LucPTM37 dose, the 
bioluminescent signal from the liver (4.7 X 10^ ± 1.7 X 10-^ 
p/s/cmVsr) was 1.4-fold greater than highest signal observed 
in the mice given only a single PTM dose (Fig. 5£)). 

RT-PCR Confirms Trans-Splicing in Living Mice. To confirm that the 
bioluminescent signals observed from the livers of the mice 
injected intravenously with N2a-HPVT3 cells were produced by 
trans-splicing, RT-PCR was performed on total liver RNA by 
using target- and PTM -specific primers as described above. 



RT-PCR analysis revealed the expected 203-bp product only in 
mice injected with LucPTM37 (Fig. 5£, lanes 2 and 3), but not 
from control mice injected only with target-expressing cells (Fig. 
5£, lane 1). Direct sequencing of the product demonstrated the 
correct full-length hRLuc sequence, thereby confirming the 
accuracy of trans-splicing (Fig. 5F). 

Discussion 

SMaRT technology has been demonstrated to be a powerful and 
promising tool for gene therapy (13). Coupled with molecular 
imaging, it also has potential as a diagnostic platform to image 
gene expression (5). We have demonstrated in this report that 
the products of trans- splicing can be imaged in living animals, 
not only in s.c. tumors, but also in deeper tissues such as the liver. 
Although the model system provided here is not immediately 
applicable to universal imaging of any arbitrary mRNA target, 
our work presents an important step toward that goal. 

Until now, attempts at imaging endogenous mRNA in vivo 
have met with limited success. A number of efforts have been 
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made to image endogenous genes with RASONs (14, 15). These 
molecules are generally modified nucleic acids (e.g., phospho- 
rothioates, 2'-OMe backbone, peptide nucleic acids) that have 
been labeled with a radioisotope (e.g., F^^ In"', Tc^^), The 
principle behind imaging with RASONs is straightforward; a 
RASON can be designed to target an arbitrary sequence, then 
delivered systemically. The RASON will distribute throughout 
the organism and bind to the target sequence. Excess RASONs 
are eliminated from the organism, and the residual image 
reflects the location and level of expression of the gene of 
interest. The applicability of these molecules for imaging gene 
expression, however, is limited by their pharmacological prop- 
erties. RASONs encounter several obstacles before reaching 
their targets, including degradation by nucleases and cellular 
impermeability. They also have nonspecific interactions and do 
not always efflux well from cells that do not contain the target 
mRNA. 

The use of SMaRT technology and PTMs bypasses some of 
these hurdles because the targeting and reporter molecules are 
genetically encoded. Thus, SMaRT imaging can be reduced to a 
problem of gene delivery. To use gene delivery to accomplish 
global imaging of a particular gene's expression, care must be 
taken in choosing an appropriate vehicle for delivery as well as 
promoter for expression. If either the vehicle or the promoter 
chosen have distinct properties in various tissues, the results of 
such an image might obscure the true underlying biological 
processes. Using a constitutive promoter, known to drive ex- 
pression robustly in many different tissues (as was done in this 
study with the CMV promoter), evades one of these problems. 
Although the science of transgene delivery has not yet been 
perfected, significant progress has been made over the last 
several years. Delivering the reporter molecule as a transgene 
greatly reduces the number of variables in the equation, thus 
making the goal of imaging mRNA more feasible. Signal am- 
plification is another advantage of using SMaRT to image 
mRNA, because multiple signals are generated for each trans- 
splicing event. A RASON can at most produce as many signals 
as there are isotopes linked per RASON, and this is usually a 
single isotope. However, when a PTM splices into its target, the 
reporter gene encoded can be translated into multiple copies of 
an enzyme, which, in the presence of its substrate, can produce 
thousands of signals. This signal amplification, coupled with the 
modularity of SMaRT that facilitates the targeting of a wide 
variety of endogenous mRNA and potentially allows the use of 
many different reporter genes (e.g., multimodality fusion re- 
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porter genes; ref. 16), makes this method for imaging mRNA 
significantly more attractive than previously described ap- 
proaches. In the current work, we did not normalize for trans- 
fection efficiency because the vectors used are in the same 
backbone and of comparable size. Under these conditions, we 
have found that transfection efficiency only accounts for 5-7% 
of the observed differences (unpublished data). 

This study represents an important proof-of-concept in the 
overall scheme of developing SMaRT as a platform technology 
to image endogenous genes. Although we did not image an 
endogenous mRNA, this work demonstrates that trans-splicing 
can be used to image gene expression in living subjects. The 
success of this work was aided by targeting an exogenous gene, 
driven by a strong, constitutive promoter, and further experi- 
ments will strive to image endogenous genes that may not have 
such high levels of expression. Future studies will have to explore 
sensitivity of this assay as a function of number of target mRNAs. 
To accomplish this task, we must better understand the rules 
necessary to design and create PTMs that are specific to any 
target mRNA sequence of interest, and can deliver a full-length 
reporter that remains inactive until trans-splicing occurs. Toward 
this end, we are developing a functional genetic screen to rapidly 
screen millions of different sequence combinations to identify 
optimal PTMs with improved specificity and efficiency. This 
high-throughput screen coupled with rational design should 
permit the rapid development of a probe for any mRNA of 
interest, to report on the localization and magnitude of its 
expression. The applications for such a tool could advance a 
number of imaging-related areas of investigation, such as cell 
traffic monitoring, in vivo drug screening, and more sensitive 
noninvasive real-time diagnostics. A more immediate use of this 
technology is imaging the event of trans-splicing itself. Pairing a 
full-length reporter gene with PTMs designed for therapeutic 
uses would give investigators the ability to correlate the degree 
of gene repair by SMaRT with the level of reporter gene 
expression. Thus, established methods of noninvasive imaging 
could be used to monitor the gene therapy provided by SMaRT 
with hardly any modification. Given its advantages over other 
methods for imaging mRNA in v/vo, together with its applica- 
bility to other active areas of investigation, SMaRT has the 
potential for becoming an essential implement in the molecular 
imaging toolbox. 
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Phenotype correction of hemophilia A mice by 
spliceosome-mediated RNA trans-splicing 

Hengjun Chao^•^ S Gary Mansfield^*^, Robert C BarteP, Suja Hiriyanna^, Lloyd G Mitchell^, 
Mariano A Garcia-Blanco^ & Christopher E Walsh^ 

Conventional gene therapy of hemophilia A relies on the transfer of factor VIII (FVIII; encoded by the F5gene) cDNA. We 
carried out spllceosome-mediated RNA frans-spllcing (SMaRT) to repair mutant FVIII mRNA. A pre-frans-splicing molecule 
(PTM) corrected endogenous FVIII mRNA In F8 knockout mice with the hemophilia A phenotype, producing sufficient 
functional FVIII to correct the hemophilia A phenotype. This is the first description of phenotypic correction of a genetic 
defect by RNA repair in a knockout animal model. Our results indicate the feasibility of using SMaRT to repair RNA for the 
treatment of genetic diseases. 



Hemophilia A is a sex-linked bleeding disorder caused by deficiency 
of coagulation factor VIII*. FVIII protein, in a complex with factor 
IX, regulates the conversion of factor X to Xa. In the absence of 
FVIII, this conversion is markedly reduced, leading to a phenotype 
characterized by frequent spontaneous bleeding. Mildly affected 
patients (suffering from rare bleeding episodes) maintain FVIII lev- 
els >5% of normal^. The F8 gene contains 26 exons; exons 1 to part 
of 14 encode the FVIII heavy chain and the remaining exons encode 
the light chain. The heavy and light chains, which are proteolytic 
products of full-length FVIII, assemble noncovalently to form a 
functional protein. F8~^~ homozygous mutant mice (designated F8 
El 6) were created by insertion of the neomycin resistance gene into 
axon 16 (ref. 3). No functional FVIII protein is detected in these ani- 
mals as a result of the absence of FVIII light chains. Although 
reduced compared with wild- type littermates, F8 mRNA isolated 
from the livers of F5 E16 mice can be detected by RT-PCR^. The 
presence of F8 transcripts makes hemophilia A a candidate target 
for gene therapy techniques that depend on RNA repair. 

For the treatment of hemophilia A (and many other genetic disor- 
ders), it remains a challenge to achieve efficient delivery of an entire 
therapeutic gene and the regulatory elements necessary for appro- 
priate gene expression. Messenger RNA repair may circumvent these 
problems, which are associated with the conventional methods of 
delivering full-length cDNA for gene therapy. Tro «5-splicing of 
group I ribozymes^"^ and antisense oligonucleotides® have been 
used to reprogram mutant RNA, SMaRT, which exploits the native 
cellular splicing machinery, is a more versatile approach^"*'. 
Spliceosome-mediated RNA repair is driven by PTMs that base-pair 
with a specific target pre-mRNA sequence, thereby promoting spe- 
cific tra«5-splicing. PTMs encode the domains required for efficient 
trans- splicing and RNA reprogramming, and the spliceosome pro- 
vides catalysis. SMaRT has been used to repair mRNA encoding 
mutant p-galactosidase' and the cystic fibrosis transmembrane con- 



ductance regulator (CFTR) in vitro and in situ^^. More recently, this 
method of RNA repair has been shown to produce functional p- 
galactosidase*** and partially restore chloride ion efflux in a CFTR 
system '2. However, all of these studies were carried out in tissue cul- 
ture cells or in bronchial xenografts''^ Here we show for the first 
time that SMaRT can be used to repair mRNA in F8 knockout mice 
and thus correct the hemophilia A phenotype. 

To test the ability of SMaRT to repair mutant F8 transcripts in F8 
knockout mice, a plasmid was designed to encode a PTM that 
specifically base-pairs with intron 15 of FS pre-mRNA (Fig. la). 
PTMs were designed to mediate frfl«5-splicing with exon 15 of the 
endogenous F8 transcript by delivering the coding sequences for 
exons 16-26 and a C-terminal CDC2 epitope tag (PSTAIRE) for 
protein identification^^ (Fig. lb,c). 

Here we show both transient and long-term SMaRT repair of F8 
mRNA, restoration of F8 activity, improvement in coagulation defi- 
ciency and hemophilia phenotype correction in F8 knockout mice. 
These results suggest the usefulness of this methodology in treating 
hemophilia A. 

RESULTS 

SMaRT restores FVIII activity in vivo 

To test the efficacy of SMaRT in vivo, we first developed two PTMs 
designed to test FVIII trafi5-splicing. To maximize trans-splicing 
efficiency'**, the repair PTM consisted of a 125-nucleotide binding 
domain complementary to mouse F8 intron 15, a spacer sequence 
and a strong 3' splice site. These three domains (binding domain, 
spacer and 3' splice site) are called the trans-splicing domain (TSD). 
We refer to this repair PTM as pf S-PTMl (Fig. la); it is designed to 
initiate a trans-splicing event between the mutant target pre-mRNA 
in the knockout mouse and the PTM, to generate a repaired full- 
length mRNA (Fig. la). A second PTM {pF5-PTMlATSD) lacking 
the TSD was constructed to be splicing- incompetent and served as a 
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Figure 1 Trans-splicing approach to repair of mouse F8 exon 1 6 
mutation, (a) Schematic diagram of FVIII targeted PTM ( FS-PTM 1} 
binding to mutant pre-mRNA target, (b) Detailed structure of PTMs 
FS-PTMl and FS-PTMUTSD. (c) Structure of the control PTMs 
and the 5' mouse F8 minigene construct (FS-Tl), FS-PTM ISM is 
identical to the original repair PTM FS-PTM 1 except that it has a 
mutated acceptor site (CAG to CAA). FS-PTM 1 MCU is identical to 
the original PTM FS-PTM 1 except it has modified codons in the 5' 
end of exon 16. FS-PTM IFSM is a frame-shift mutant PTM with a G 
inserted at position +2 in exon 16. BD, binding domain; TSD, trans- 
splicing domain; BP, branch point; PPT, polypyrimidine tract; SS, 
splice site. 



negative control (Fig. la). In both constructs, the mouse F8 PTM is 
driven by the cytomegalovirus immediate- early enhancer linked to a 
modified chicken p-actin promoter. We directly administered 1 00 
of pFS-PTMl DNA into the hepatic circulation of FS E16 mice 
through the portal vein, a method that produces transient gene 




2 3 4 5 6 7 
Weeks after injection 

Figure 2 Frans-spliced mouse FVIII activity and antigen, (a) FVIII activity in the FS E16 mice 
injected with pFS-PTMl (■; n = 9) or pFS-PTMATSD (O; n = 5). All samples were assayed in 
duplicate, (b) Western blot of FVIII light chain using antibody to PSTAIRE (human CDC2) epitope 
Wild-type plasma was from wild-type 0576176 mice; hFVIII-GTI, plasma obtained from mice 
treated with an adenovirus vector carrying a human FS cDNA with a CDC2 PSTAIRE C-terminal 
epitope tag. (c) FVIII activity in FS El 6 mice after injection of recombinant AdFS^PTMl (n= 10). 
All samples were assayed in duplicate. 



expression in mouse liver**. As expected for the delivery of naked 
DNA by this route, FVIII activity peaked at 48-72 h in the plasma of 
pF5- PTM 1 -treated mice {n = 9) and declined to baseline by day 7. 
Peak FVIII activity was as high as 20% of normal levels in individual 
animals, with a mean FVIII activity of 13% of normal (130.1 ± 54.4 
mU/ml). No FVIII activity was detected in 
mice receiving control plasmid pFS- 
PTMIATSD (<1% of normal FVIII activity; 
« = 5; Fig. 2a). 

To confirm that the FVIII activity was 
accompanied by the production of FVIII 
protein in pFS-PTMl -treated animals, 
western blot analysis was done on cryopre- 
cipitated mouse plasma (Fig. 2b). In all four 
pF5-PTMl-treated mice that were tested 
with the antibody to human CDC2, we 
detected the expected -70 kDa mouse FVIII 
light chain. No protein band was detected 
using plasma from untreated or control 
pF5-PTMlATSD-injected F8 E16 mice. To 
estimate the quantity of the mouse FVIII- 
CDC2-tagged protein, we used plasma 
obtained from mice treated with an aden- 
ovirus vector carrying a human F8 cDNA 
with a CDC2 PSTAIRE C-terminal epitope 
tag. The activity of human FVIII-CDC2 in 
these samples was 800 mU/ml. Serial dilu- 
tions of cryoprecipitated plasma were run 
as standards (Fig. 2b). Mouse FVIII light 
chain is 70 kDa*, whereas human FVIII 
light chain is 80 kDa*. Based on the band 
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Figure 3 Quantitation of c/s- and trans-spWced mouse F8 mRNA. (a) 
Structure and detection of repaired F8 pre-mRNA in the liver of a 
knockout mouse. Lanes 1, wild-type mouse; lane 2, wild-type mouse 
without reverse transcriptase; lane 3, noninjected knockout mouse; 
tanes 4-6, knockout mice injected with targeted PTM, with (lane 4) or 
without (lane 5) reverse transcriptase; lane 6, reaction with RNase 
A-treated DNA; lane 7, knockout mouse injected with control PTM; lane 
8, water control. Only wild-type and knockout mice that received 
targeted PTM generated the appropriate band; all other reactions were 
negative. Spliced products (arrows) were generated using primers F21 
and F23. (b) Detection of repaired ffipre-mRNA in 293 T cells. Lanes 
1-5 are samples that received a PTM and target; lane 1, proof-of- 
concept repair PTM (F5-PTM1); lane 2, original splice mutant PTM iF8- 
PTMIATSD); lane 3, repair PTM with exon 16 modified codons; lane 4, 
splice mutant PTM (FS-PTMISM); tane 5, PTM that induces a frame- 
shift upon frans-splicing (FS-PTMIFSM); lanes 6-8, PTM, target or 
vector alone; lanes 9 and 10, samples that received one of two repair 
PTMs and a target but no reverse transcriptase; lane 11, sample that 
received wild-type F5cDNA. Spliced products (arrows) were generated 
using primers Fl and F23. Concentration of total RNA template in the 
RT-PCR reaction was 12.5 ng/jxl. (c) Quantitation of c/s- and trans- 
spliced FSmRNA, using total RNA from F5 El 6 mice injected with F8- 
PTMl. Primer pairs Fl + F33 or Fl + F34 were used in RT-PCR, 
followed by Fl + F2 in PGR. For trans products, we used Fl + F23 in 
RT-PCR followed by Fl + F2 in PCR. Primer pairs Fl + F33 and Fl + 
F34 will generate both c/s- and frans-spliced products, so the final 
comparison is trans- versus c/s- plus trans-. Primer pair Fl + F23 has 
never generated a product from RNA template isolated from a knockout 
mouse. RT, reverse transcriptase; WT, wild-type; KO, knockout; ATSD, 
FS-PTMIATSD; PTMl, FS-PTMl; MCU, FS-PTMIMCU; SM, splice 
mutant; FSM, frame-shifting splice mutant. 



intensities, we estimate that in the three pFS-PTMl-treated ani- 
mals analyzed, we found the equivalent of -100 mU/ml of CDC2 
light-chain protein (Fig. 2b), which is consistent with our activity 
results. Recombinant adenoviruses carrying f 5- PTMl were used to 
further verify the generation of FVIII activity in E16 mice by the 
repair PTM (Fig. 2c) 

FVIII activity results from repair of F8 mRNA 

To confirm that mutant F8 transcripts were correctly tra«5-spliced 
to the PTM in mice injected with pF5-PTMl, we evaluated total 
RNA isolated from the liver by RT-PCR (Fig. 3a). RT-PCR and PCR 
experiments were done using primers specific for exon 15 (Fl and 
F21) in the endogenous target and exon 17 (F23) in the PTM. This 
reaction produced a single major product in samples from wild- 
type and knockout mice injected with pF5-PTMl (Fig. 3a). The pre- 
dicted size for a tram-spliced product between the endogenous 
target and the PTM is 276 base pairs. These products were subse- 
quently shown by direct DNA sequencing to be F8 in which exon 15 
of the target was accurately fro ns- spliced to exon 16 of the PTM 
(data not shown). Controls were used to exclude contamination, 
PCR artifacts and DNA recombination events. Knockout mice 
injected with pF8-PTMlATSD (which has no binding domain or 
splice elements) did not generate detectable tran5-spliced RT-PCR 
products (Fig. 3a). No PCR products were detected in reactions 

Table 1 Correlation between FVIII activity and RNA fraff5-sp licing 

PTM F5-PTM1 F5-PTM1ATSD F5-PTM1SM FS-PTMIMCU 

FVIII activity (mU/ml) 46.5±1.9 2.8±1.9 3.1±0.8 38.1 ±0.7 
T/ans-splicing occurrence + - _ + ^. 

Duplicate transfections were performed for each PTM tested. Culture media from each of the transfection 
samples was assayed for FVIII activity in triplicate. FVIII activity in untransfected cell media is <8 mU/ml 




WT 


KO 


KO Pr^sctsd) 


H,0 






Taroated 


ATSD 




+ 


+ 


iRNsn 
+ - + 


+ 


+ 






Target + PTM 


Construct «lone 


T«ro«t * PTM 


WTcONA 


PTM1 aTSO MCU SM FSM 


^ 1 1 


PTMl MCU 


1 RT 


+ + + + + 


♦ + ♦ 




+ 




RApalred mRNA 


Mutant mRNA 


(trans-cpOcacn 




)(lced) 


Pilmwi Fl ♦ FM, Fl ♦ F2 


Fl ♦F33.F1 


F1 ♦ Fi4. Fl ♦ F2 


dlhittofta 1 « t« «4 


lae 4^ KJM 


ISa 1.0M 4fi»t irM4 




where reverse transcriptase was eliminated for samples from normal 
or knockout mice. To assess whether products were generated 
through homologous recombination, we isolated RNase A-treated 
DNA from knockout mice injected with a targeted PTM and used 
this template in amplification reactions. Again, the reactions were 
negative for recombination products. 

To further confirm that the repaired FS mRNA was indeed gener- 
ated through the SMaRT reaction rather than plasmid DNA carry- 
over, signature silent mutations were 
introduced at the 5' end of exon 16 to make 
PTM pFS-PTMlMCU (Fig. Ic). RT-PCR 
detected fraMs-spliced product between the 
target pfS-Tl mRNA and the PTM mRNA 
after cotransfection of 293 cells with pF8- 
PTMIMCU (Fig. 3b). Direct sequencing of 
the RT-PCR products verified the accurate 
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Table 2 Tail-clip challenge 





No. of mice 


PTM dose 


FVIII activity 


Tail-clip challenge 






(no. of viruses) 


(mU/ml) 


{fraction survived) 


C57BL/6 (wild-type) 


5 


NA 


1,000 


5/5 


Naive F5E16 


5 


NA 


<10 


0/5 


F8E16 + 


3 


5 X IQlO 


<10 


0/3 


Adf5-PTM1ATSD 










r5E16 + 


10 


5 X 10^° 


24-215 


8/10 


AdFS-PTMl 











Tail clip was done 3 weeks after injection of recombinant adenovirus vectors. Wild-type C57BL/6 mice (n = 5) 
were used as positive controls. The naive (n = 5) or AdFfl-PTMlATSD-injected {n = 3) FSE16 mice were 
used as negative controls. NA, not applicable. 



Genomic DNA was isolated from livers of 
mice 2 d after injection of pF5-PTMl. 
Southern blots were used to detect plasmid 
DNA. Dilutions of pFS-PTMl were added to 
total genomic DNA isolated from untreated 
knockout mouse livers to serve as a quantifi- 
cation control. We detected 0.1-0,2 genome 
copies of pf5-PTMl per cell, which is consis- 
tent with the efficiency of delivery reported by 
another group The vector genome num- 
bers per cell in mice injected with pF5-PTMl 
and pf5-PTMlATSD were equivalent (data 
not shown). 



RNA trart5-splicing between the exon 15 of the target construct and 
exon 16 of the PTM mRNA containing the signature silent muta- 
tions (data not shown). Up to 170.1 mU/ml of FVIII activity were 
measured in the supernatant from the pF5-PTMlMCU- and pF8- 
Tl-transfected 293 cells (Table 1). 

Normal FVIII protein processing requires that the primary FVIII 
polypeptide chain be proteolytically cleaved between Argl648 and 
Glul649 (located at the 3' end of FVIII exon 14) to generate the FVIII 
light chain. Exon 15 encodes amino acid residues 1721-1 772 and con- 
tains a thrombin/factor Xa cleavage site and a von Willebrand factor 
association site crucial for FVIII function. A mutation that skips exon 
15 results in a severe hemophilia phenotype'^. The PTM construct pF8- 
PTMl encodes an in-frame translation product starting in exon 16. 
The pF5-PTMl sequence contains no sequence homology to exons 14 
or 15 and lacks the necessary thrombin cleavage site. It is unlikely that 
any ftmctional product would result from a heavy chain tranj-associa- 
tion to a light chain lacking exon 15. To completely rule out this possi- 
bility, however, a G-to-A mutation was introduced at the acceptor site 
of the construct pF5-PTMlSM, rendering it incapable of splicing (Fig, 
Ic). This mutation was also designed to maintain the same amino-acid 
coding as pFS-PTMl. We tested pFS-PTMlSM by cotransfecting 293 
cells with a 5' mouse F8 minigene target construct (FS-Tl) that 
expresses mutant mouse F8 RNA transcripts similar to those in FS E16 
mice (Fig. Ic). Cotransfection of 293 cells with the target plasmid pF5- 
Tl and pF5-PTMlSM did not produce detectable repaired mouse F8 
mRNA or FVIII activity, whereas cotransfection of pFS-PTMl with the 
same target plasmid generated -46.5 mU/ml of FVIII activity and 
repaired F8 mRNA (Figs, ic and 3b and Table 1). Injection of pF5- 
PTM 1 SM into the livers of F8 El 6 mice did not generate any detectable 
FVIII activity (<l% of normal FVIII activity; « = 3; data not shown). 

The second PTM, pF5-PTMlFSM, is identical to the original proof- 
of-concept PTM (pF5-PTMl) but has a G inserted at the second base 
of the first codon in exon 16, a design feature that is intended to gener- 
ate out-of- frame translation products in the presence of fra/i5-splicing. 
This PTM, cotransfected with pF5-Tl, produced a tra/w-spliced prod- 
uct (as would be expected) but no detectable FVIII activity (Fig. 3b 
and Table 1). 

To estimate the number of mutant F8 transcripts being converted 
to repaired transcripts through tra«5-splicing, we used semi-quantita- 
tive RT-PCR followed by a second round of PGR. RT-PCR was done 
with two different primer pairs for ds-spliced products and one pair 
for frflMs-spliced products. Samples for the first stage were taken in the 
range of linear amplification (28 cycles), column-cleaned, serially 
diluted and used in PGR reactions. Based on the intensity of the gen- 
erated bands, we conservatively estimate that between 1.6 and 6,3% of 
mutant transcripts are being repaired (Fig. 3c; compare lanes 3 and 5 
(16/256 or 6.25%) or lanes 3 and 6 (16/1024 or 1.6%)). 



SMaRT results in hemophilia A phenotype correction 

To test for longer-term F8 mutation correction and restoration of the 
hemophilia A coagulation deficit phenotype, we generated recombinant 
El element-deleted adenoviruses carrying the F5-PTM1 or the F8- 
PTMIATSD cassette, and injected 5 x 10^^ recombinant adenovirus 
virions into the tail veins of F5 E16 mice. FVIII activity measured in the 
plasma of the AdF5-PTMl-injected mice (« = 10) had a mean of 108.5 
± 35.3 mU/ml and peaked at 3 weeks after injection (Fig, 2c). FVIII 
activity in those mice was detected for up to 8 weeks after injection, 
although the levels declined to an average of 36.2 ± 22.7 mU/mJ. FVIII 
activity in the plasma of the AdF5-PTMl ATSD-injected mice was not 
detected (n = 4; data not shown). We then used the tail-dip assay 3 weeks 
after injection of recombinant Ad-PTM to test the hemostatic potential 
of these mice, which correlates to the severity of the hemophilia A phe- 
notype. Eight of the ten mice tiiat received a targeted PTM (AdFS- 
PTMl) survived the tail-clip challenge, whereas none of the naive F8 
E16 (zero of five) or AdFS-PTMlATSD-injected (zero of three) mice 
survived tiie tail clip (Table 2). As a positive control, all of the five wild- 
type C57BU6 mice survived the tail clip. These data show that RNA 
tram-splicing is capable of long-term F8 repair and phenotype correc- 
tion of the bleeding disorder in hemophilia A. 

DISCUSSION 

We have shown here that SMaRT can achieve mRNA repair and pro- 
duce substantial levels of ftmctional FVIII in F8 knockout mice, thereby 
overcoming the coagulation deficit in hemophilic mice. For the treat- 
ment of many genetic disorders, SMaRT repair would obviate the need 
to deliver the entire normal gene coding sequence. The inability to 
deliver large genes, such as those mutated in cystic fibrosis*^ and 
Duchenne muscular dystrophy*^, hampers the genetic treatment of 
tiiese disorders. By using the RNA fram-splicing strategy, replacement 
of only the mutated portion of the gene is required, which significantly 
reduces the transgene size required for gene packaging and delivery. 
Genes with large and complex transcriptional elements can be repaired 
in situ, leaving gene expression under the control of the endogenous 
regulatory elements. In addition, fraw-splicing reduces the probability 
of ectopic gene expression, as production of repaired product is linuted 
by the presence of the endogenous transcript The specificity and effi- 
ciency of fran5-spl icing in vivo has not been ftilly determined, although 
the length and sequence of the frans-splicing binding domain signifi- 
cantly affects both specificity and tr<im-splicing efficiency***. The speci- 
ficity of RNA rra«5-splicing technology needs to be more thoroughly 
evaluated; these studies are in progress. A report was recentiy published 
suggesting low specificity of fra«5-splicing, although this study used a 
short binding domain similar to the one used in our very early work^** ^ 
More recent PTMs with longer binding domains have substantially 
improved specificity and efficiency***. 
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Hemophilia A is a prime disease model for genetic correction. Here 
we have reported in vivo correction of the defective mouse F8 gene by 
SMaRT, and the resultant correction of the hemophilia A phenotype. 
Our results suggest that RNA repair can be a general method for correct- 
ing inherited and acquired genetic diseases. 

METHODS 

Plasmid construction. Each PTM was assembled from a combination of PGR 
products, annealed oligonucleotides and subcloned vector fragments. All PGR 
products were generated with cloned Pfu DNA polymerase (Stratagene). The 
wild-type coding sequence for mouse FVIII exons 1 6-26 was PCR-ampUfied 
from a cDNA plasmid template (provided by H, Kazazian, University of 
Pennsylvania). PGR products were digested with the appropriate restriction 
enzymes and cloned into an existing PTM CF-PTM24 (ref. 10) containing a set of 
PTM splice elements. The splice elements included a spacer sequence, an 
extended polypyrimidine tract, a yeast branch -point consensus and a 3' AG 
acceptor site. The PTM binding domain, complementary to nucleotides -142 to 
-29 and -6 to +4 of mouse FVIII intron 15 and exon 16, was generated by PGR 
from knockout mouse liver total genomic DNA. 

Cell culture and plasmid transfection. HEK 293 T ceils were transfected with 
plasmids using Lipofectamine Plus (Life Technologies). Duplicate trans fections 
were done for each PTM tested Gulture media was recovered from each well of 
the six-well plates, centrifuged at 4,000 g for 4 min and stored at -80 **C until time 
of Coatest assay. FVIII activity was measured by Coatest as described below. 

Animal procedures. The F8 E16 mice were gifts from H. Kazazian (University of 
Pennsylvania)^. The mice were intrabred and maintained in accordance with the 
guidelines of the institutional Animal Care and Use Gommittee. Genotype of the 
F8 El 6 mice was verified by PGR and FVIII activity^. Recombinant adenovirus 
vectors were generated as previously described^^ After anesthesia, intraportal 
injections of the plasmid or tail- vein injection of the recombinant adenovirus 
were done following the published protocol*. Approximately 20% (widi plasmid 
injection) to 80% (with recombinant adenovirus injection) of the knockout mice 
survived the injection. Plasma of the injected mice was collected before and after 
injection by retro-orbital plexus bleeding. Tail-clip challenge was used to assess 
correction of the hemophilia phenotype as previously described^'. 

FVIII activity and antigen assays. Mouse FVIII activity was assayed by Coatest 
(Chromgemx AB) according to the manufacturer's instructions, with minor 
modifications. Wild-type (G57BL/6) mouse plasma was added to naive F8 E16 
mouse plasma to generate a standard curve of mouse FVIII activity. All samples 
were done in duplicate. Mouse FVIII light-chain antigen was detected by western 
bloL Modified glycine cryoprecipitation was used to concentrate mouse FVIII 
from mouse plasma^. The cryoprecipitated FVIII (12 fU from 100 pi of plasma) 
was separated on 8% of precast glycine polyacrylamide gel (Novex) and trans- 
ferred to nitrocellulose membrane. We detected the PSTAIRE epitope using rab- 
bit antibody to human CDC2 kinase (PSTAIRE; 1:500 dilution; Upstate 
Bioteduiology) combined with peroxidase-conjugated goat antibody to rabbit 
immunoglobulin (H+L; 1:1,000; Kirkegaard & Perry Laboratories). The signal 
was developed using a chemiluminescent Supersignal Substrate (Pierce). 

Southern blot Mouse liver genomic DNA was isolated as described previously^. 
Naive F8 E16 mouse liver DNA was mixed with the plasmid pf S-PTM 1 to gener- 
ate the PTM genome copy number standard in hepatocytes. The DNA was 
digested with restriction enzyme BspEl (to linearize the plasmid) and then trans- 
ferred to a nylon membrane. The PTM was detected with an a-^^P-labeled probe 
hybridized to the cytomegalovirus/chicken p-actin promoter sequence. The PTM 
copy number per cell in the treated mice was determined by Phosphorlmager 
scanning of samples and standards. 

RT-PCR and PGR Total RNA or DNA was isolated from cultured cells or liver tis- 
sue using a MasterPure RNA/DNA purification kit (Epicenter Technologies). RT- 
PCR was done using an EZ-RT-PCR kit (Pcrkin-Elmer) as described previously'. 
The sequences of oligonucleotides Fl (exon 15), F21 (exon 15) and F23, used to 
generate cis- and mim-spliced products, are 5'-GGTATCAAAGTGACAATG- 
TACC-3'» 5'-CCGATATATAAGAGGAGAAGrrG A-3' and 5'-GCAATTAATCCG- 



GAGTGCATATG-3', respectively Other oligonucleotides used in semi- quantita- 
tive cis- versus trans- comparisons were F2 (exon 16), F33 and F34, the sequences 
of which arc 5'-GTTTCrTCTAGGTTCrrcrCCrC-3', 5'-CrGACGTGGGGG- 
CGGGTTTCTTCTAGGTT CTTGTGCTG-3', and 5'-GTGACGTGGGGGCGCA- 
GAGAAATAAGGGCAG GGCTTGG-3', respectively RT-PGR reactions were 
performed at 60 *C for 45 min, followed by 30 s of preheating at 94 ''C, 25-35 
cycles of PGR amplification at 94 "G for 18 s, annealing and extension at 60 "G for 
45 s and a final extension at 72 °G for 7 min. In experiments where a second round 
of amplification was used, PGR was done with REDTaq DNA polymerase (Sigma) 
using the following conditions: one cycle of denaturation for 3 min at 94 "G, 25-30 
cycles of denaturation at 94 "^C for 30 s, annealing at 62 "G for 30 s, extension at 72 
"G for 30 s and a final extension at 72 °C for 7 min. All reactions for RT-PCR and 
PGR were done under hot-start conditions. 
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rmns-splicing repair of CD40 ligand deficiency results in 
naturally regulated correction of a mouse model of 
hyper-IgM X-linked immunodeficiency 

Minoru Tahara^ Robert G Pergolizzi^ Hiroyasu Kobayashi^ Anja Krause^ Karsta Luettich^ Martin L Lesser^ 8c 
Ronald GCrystal''^ 

X-linked immunodeficiency with hyper-IgM (HIGMl), characterized by failure of immunoglobulin isotype switching, is caused by 
mutations of the CD40 ligand (CD40L}, which is normally expressed on activated CD4+ T cells. As constitutive expression of 
CD40L Induces lymphomas, we corrected the mutation while preserving the natural regulation of CD40L using pre-mRNA trans- 
splicing. Bone marrow from mice lacking CD40L was modified with a lentivirus frans-splicer encoding the normal CD40L exons 
2-5 and was administered to syngenic CD40L-knockout mice. Recipient mice had corrected CD40L mRNA, antigen-specific 
IgGl responses to keyhole limpet hemocyanin immunization, regulated CD4+ T-cell CD40L expression after CD3 stimulation in 
primary and secondary transplanted mice, attenuation of Pneumocystis carinii pneumonia, and no evidence of 
lymphoproliferative disease over 1 year. Thus, HIGMl can be corrected by CD40L frans-splicing, leading to functional correction 
of the genetic defect without the adverse consequences of unregulated expression of the CD40L gene. 



HIGMl is a rare, X-linked, recessive immunodeficiency disease char- 
acterized by failure of immunoglobulin isotype switching from IgM 
to IgG, IgA and IgE^'^. The disease is caused by mutations of the gene 
encoding CD40L, a cell surface ligand expressed by CD4+ T cells in an 
activation-mediated regulated fashion^^. The functional effect of the 
mutations in the CD40L gene results in limitation of the interaction 
of the CD4^ T cells with the CD40 glycoprotein on the surface of 
B cells, macrophages and dendritic cells^. Because of this Umited 
interaction, individuals with HIGMl suffer from recurrent bacterial 
infections, especially with opportunistic microorganisms such as 
P. Only 20-40% of individuals with HIGMl reach the third 

decade of life*»^°. At present, other than treatment for acquired infec- 
tions, the only available therapy for HIGMl is bone marrow trans- 
plantation*^'^^. 

As HIGMl is a X-linked recessive disorder, the gene defect is known 
and the major phenotype is associated with a deficiency of CD40L in 
cells derived from bone marrow, gene therapy is an obvious approach 
to a potential cure for this disorder. The feasibility of using gene ther- 
apy for HIGMl was demonstrated by Brown et aO^ using ex vivo 
retrovirus- mediated CD40L gene transfer to bone marrow cells in a 
mouse CD40L-knockout model. Although this approach corrected 
the CD40L deficiency state and stimulated humoral and cellular 
immune functions, the mice developed T lymphoproliferative dis- 
ease, suggesting that even a small amount of constitutive expression 
of CD40L can be risky, resulting in abnormal proliferative responses 
in developing T lymphocytes*^***. The experience of Brown et aO^ 



using a constitutive promoter and the full-length normal CD40L 
cDNA suggests the need for regulated expression in gene therapy 
approaches to HIGMl therapy*^'*'*. 

Genetic repair strategies that preserve the natural regulation of 
genes may have therapeutic and safety advantages over traditional 
gene therapy approaches for the treatment of genetic disorders such 
as HIGMl (ref. 15). One such approach is frfl«5-splicing, a process by 
which two different pre-mRNAs are joined by the cellular spUcing 
apparatus*^^^. This mechanism, first discovered in trypanosomes 
and also seen in mammalian cells^^-^*, has been developed as a strat- 
egy to correct mutant target mRNAs by splicing an exogenous mRNA 
into the normal portion of the mutated mRNA*^^^. Theoretically, 
the major advantage of frarw-splicing over conventional gene therapy 
is that the corrected genes can be maintained in their native sequence 
context and are regulated by their endogenous regulatory machinery. 
In the context of these considerations, the focus of our study is to 
demonstrate that tram-splicing can be used to correct the CD40L 
mutation while preserving the natural regulation and cell specificity 
of CD40L expression in a mouse CD40L-knockout model, enabling 
the mice to develop host defenses against R carinii without the 
adverse effect of lymphoproliferative disease, 

RESULTS 

Trans-splicing corrects mutant CD40L mRNA in vitro 

To optimize the specificity and efficiency of trans-splicing-mediated 
correction of mutated CD40L, we carried out preliminary in vitro 
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Figure 1 Schematic illustration of the strategy used for fAans-splicing of 
CD40L mRNA in vivo, (a) Normal mouse CD40L pre-mRNA containing 
exons 1-5, (b) CD40L pre-mRNA from the CD40L-knockout mouse lacking 
exons 3 and 4. (c) C/s-spHcing of the mutant CD40L pre-mRNA (shown in 
b) yields a mutant CD40L mRNA lacking exons 3 and 4. (d) Lentiviral- 
mediated expression of a frans-splicer expressing (5' to 3') hybridization 
domain, spacer, branch point {•), polypyrimidine tract (A), splice acceptor 
(■) sequences and exons 2-5 of C040L mRNA. The hybridization domain 
is antisense to a 312-bp sequence of intron 1 of CD40L pre-mRNA, 
allowing the frans-splicer to hybridize to the target pre-mRNA. The 
hybridization domains were targeted against four different regions in intron 
1 of the CD40L pre-mRNA (labeled a-<J). Domain b was the most efficient 
at promoting frans-spl icing. Trans-splicing in this fashion connects exon 1 
of target pre-mRNA and exons 2-5 of the frans-splicer transcript, and thus 
should yield a corrected mRNA. Arrowheads indicate the genomic PGR and 
RT-PCR primers for detection of fra/is-splicer transcripts and cis- and trans- 
spliced products. 



experiments. HeLa cells were transfected with target plasmids encod- 
ing mutant CD40L (Fig. 1) together with plasmids encoding different 
trflrts-splicer constructs, each bearing a hybridization domain com- 
plementary to different regions of CD40L intron 1 (Full details of 
these in vitro experiments are described in Supplementary Note and 
Supplementary Figs. 1 and 2 online). A trani-splicer containing a 
312-nudeotide hybridization domain targeted to a region beginning 
432 nucleotides from the 5' end of CD40L intron 1 (Fig. Id, region 
'b*) was the most efficient construct tested in vitro, correcting 10.4% 
of total CD40L transcripts (Supplementary Fig. 2 online). This con- 
struct was used for all subsequent experiments. 

Further in vitro experiments verified that fra/ts-spliced CD40L was 
expressed on the surface of transfected HeLa cells, and was capable of 
stimulating B cell proliferation, IgE production and macrophage 
activation (Supplementary Note and Supplementary Fig. 3 online). 
In vitro translation experiments with frart5-splicer mRNA suggested 
negligible peptide production from possible internal open reading 
frames (Supplementary Note online), 

Lentivirus-mediated frans-splicing in CD40L-knockout mice 

To evaluate the efficiency of frans- splicing in vtVo, we constructed a 
lentivirus vector, LVtsCD40L2-5, encoding the same optimized 
expression cassette as used in the in vitro studies. Vector-transduced 
bone marrow cells (2 x 10^) from CD40L-knockout mice were trans- 
planted into lethally irradiated CD40L-knockout recipient mice 
(Figs. 1 and 2, and Supplementary Methods online). At 10 weeks after 
transplantation, we coUected cells from the recipients and assayed for 



the presence of LVtsCD40L2-5 by genomic PGR, and for expression 
of the transgene by PGR with reverse transcription (RT-PGR). PGR 
analysis of genomic DNA from bone marrow cells isolated from 
GD40L- knockout fra rt5-splicer recipient mice (Fig. 2a) revealed the 
anticipated 431 -bp amplification product, indicating successful 
engraftment of the transduced cells. RT-PGR analysis (Fig. 2a) 
showed expression of the transgene in the transplanted mice. The 
presence of vector DNA and mRNA in peripheral blood cells (Fig. 2b) 
and spleen (Fig, 2c) was confirmed in the transplant recipients, 
demonstrating transduction of bone marrow cells, expansion of the 
transplant into these cellular compartments and expression of the 
CD40L trani- splicer transgene. In control experiments, LVeGFP (a 
lentivirus vector encoding enhanced green fluorescent protein) infec- 
tion of bone marrow cells was used as an index of gene transfer, 
revealing that 20% of peripheral T cells were positive for eGFP 
5 weeks after transplantation. 

To demonstrate GD40L tram-splicing in the transplant recipients, we 
carried out RT-PCR on RNA from splenocytes isolated from trans- 
splicer-treated GD40L-knockout mice, using a CD40L mi;i5-splicing- 
specific primer set (2F and 4R; Fig. 1) or a second primer set that 
amplified both trans- and cis-spliced GD40L mRNAs ( IF and 3R; Fig. 1 ). 
RT-PGR on RNA isolated from LVtsGD40L2-5-Ueated GD40L-knock- 
out mice (Fig. 2d) showed the expected 284-bp fragments indicating 
that tratt5-splicing had occurred. However, no amplification was seen in 
untreated GD40L-knockout mice (F^. 2d, lane 24), All mice showed die 
RT-PCR product with the CD40L trans + as primer set (Fig. 2d). 

Sequencing of the RT-PGR products of tram-spliced CD40L 
revealed the correct splice junction sequence resulting from splicing 
events between endogenous target and /ram-splicer transcripts, indi- 
cating that tram-splicing had occurred correctly in vivo with high 
fidelity. Quantitative RT-PCR of tram-spliced GD40L mRNA as a 
fraction of total GD40L mRNA was used as a measure of efficiency of 
tram- splicing and was determined to be 1.2% (mean). 

To demonstrate that the corrected bone marrow cells provide for 
systemic therapy of HIGMl and to confirm transduction of primitive 
hematopoietic cells, we carried out secondary transplantation of bone 
marrow cells collected from the 4- month -old GD40L-knockout recip- 
ient group in naive, lethally irradiated CD40L-knockout mice. Bone 
marrow cells were harvested from primary GD40L-knockout trans- 
plant recipients 4 months after the initial transplant and were trans- 
planted to irradiated GD40L-knockout mice (secondary transplant 
recipients). At 6 weeks after secondary transplantation, peripheral 
blood cells from secondary transplant recipients were analyzed 
(Fig. 2e), showing the anticipated product in all transplant recipients. 
The average number of tran5-splicer gene copies per splenic T cell, 
assessed by quantitative real-time PGR, was 0,27. These results demon- 
strate expansion of the transduced long-term repopulating compart- 
ment in the primary and secondary transplant recipients, suggesting 
the possibility of using this approach for systemic therapy for HIGMl . 

Trans-spliced CD40L partially restores immunoglobulin switching 

Previous reports indicated that GD40L-knockout mice fail to mount 
secondary antigen-specific responses to immunization with a thy- 
mus-dependent antigen, keyhole limpet hemocyanin (KLH)^^. To 
assess the ability of tram-spliced GD40L to mediate the restoration of 
immunoglobulin subclass switching in mice, tram-splicer recipient 
GD40L-knockout mice were immunized with KLH, As a positive 
control, CD40L-knockout mice that had been previously trans- 
planted with bone marrow cells from wild-type mice were used, and 
as a negative control, LVeGFP-treated GD40L-knockout mice and 
untreated GD40L- knockout mice were used. At 34 d after the first 
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immunization, we collected sera and measured KLH-specific anti- 
bodies by enzyme-linked immunosorbent assay (ELISA). RT-PCR 
was used to evaluate the trans-spMced mRNA products in the spleens 
of immunized mice arising from rrfl«s-splicing of CD40L mRNA 
(Fig. 2f). All mice immunized with KLH produced KLH-specific IgM 
(Fig. 3a). As expected, LVeGFP-treated knockout and untreated 
knockout mice did not produce KLH-specific IgGl. In contrast, 
^r^lns-splicer-treated CD40L-knockout mice produced KLH-specific 
IgGl, demonstrating that ^ra«5-spliced CD40L partially restores 
humoral immunity in vivo (P < 0,005, knockout + fran^-splicer versus 
knockout + LVeGFP or untreated knockout mice; Fig. 3b). 

Regulated expression of fra/is-spliced CD40L in vivo 

Theoretically, an advantage of rrattj-splicing- mediated correction of 
CD40L deficiency over conventional gene therapy is the potential to 
preserve natural regulation by targeting the endogenous mRNA, 
thereby preserving the normal regulation of mRNA for that gene. To 
determine whether the expression of trans-spliced CD40L in CD4^ 
T cells was normally regulated, we collected splenic CD4"'" T cells from 
wild- type mice, tra«s-splicer-treated CD40L- knockout mice and 
untreated CD40L-knockout mice. CD4'*' T cells were activated by 
antibody to CD 3, and CD40L expression was examined using flow 
cytometry at 0, 16, 40 and 64 h after activation. CD69 expression was 
examined as a marker of early activation of T cells^^. As expected, 
almost all CD4+ T cells in CD40L wild-type and CD40L-knockout 
mice expressed CD69 by 16 h after activation, suggesting uniform 
activation by the CD3 antibody (data not shown). Wild- type mice 



showed the anticipated pattern of CD40L expression in CD4"*' T cells 
after activation, with an increase to 69% positive for CD40L expres- 
sion by 16 h and a decrease by 64 h (Fig. 4a). In a time-dependent pat- 
tern similar to that of wild-type CD4+ T cells, CD4+ T ceils from 
tra«5-splicer- treated CD40L- knockout mice showed expression of 
CD40L increasing ft-om 1% to 5.5% by 16 h after activation and then 
decreasing to baseline by 40 h (Fig. 4a). In contrast, CD4'*' T cells from 
untreated CD40L-knockout mice showed no increase in the expres- 
sion of CD40L at any time. Peripheral blood T cells, B cells and granu- 
locytes/monocytes were negative for expression of CD40L in 
tra/is- splicer-treated knockout mice (data not shown). These data are 
consistent with the concept that the expression of fra n5-spliced 
CD40L is normally regulated in activated CD4"*' T cells. 

CD4^ T cells fi-om secondary transplant recipient CD40L-knockout 
mice (produced using the primary transplant recipients as donors) 
showed a pattern of expression of CD40L similar to that of cells from 
the primary transplant recipients, increasing firom 1.9% to 5.0% by 8 h 
after activation, reaching 7.3% by 16 h and decreasing to baseline by 
40 h (Fig. 4b). This confirmed the regulated expression of trans-spliced 
CD40L and the successful transduction and engraftment of long-term 
repopulating cells in the primary bone marrow cell population. 

Attenuation of P, carinii infection In corrected knockout mice 

To determine whether tram-spliced CD40L confers protection 
against P. carinii pneumonia in experimental mice, we injected 2x10^ 
P. carinii organisms intratracheally into wild- type mice, rra«s-splicer- 
treated CD40L-knockout mice or LVeGFP-treated CD40L-knockout 
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Figure 2 Ex vivo frans-splicing-mediated correction of CD40L pre-mRNA in CD40L-knockout mice, (a) Presence of the frans-splicer vector DNA in bone 
marrow and expression of frans-splicer mRNA in vivo. The primers were specific for the frans-spHcer (3F-2R» Fig. 1). Top, PGR assessment for the presence 
of the frans-splicer DNA; bottom, RT-PCR for frans-splicer mRNA. Lanes 1-4, bone marrow from four (A-D) frans-splicer-treated GD40L-knockout mice; lane 
5, frans-splicer plasmid as a control; lane 6, negative control of untreated GD40L-knockout marrow (no rx). (b) Peripheral blood cells, similar analysis to a. 
Lanes 7-12 are parallel to 1-6 in a. (c) Spleen, similar analysis to a. Lanes 13-18 are parallel to 1-6 in a. (d) Demonstration of correction of mutated 
CD40L by frans-spl icing to produce a complete GD40L mRNA. Shown in both top and bottom panels are RT-PCR analysis of spleen mRNA in CD40L- 
knockout mice corrected with the frans-splicer. Top, exons 1^ (corrected by frans-splicer only); bottom, exons 1-2 {representing uncorrected and corrected). 
Lanes 19-22, spleen from four (A-D) frans-splicer-treated CD40L-knockout mice; lane 23, spleen from wild-type mice; lane 24, spleen from knockout mice, 
(e) Peripheral blood cells from secondary transplant recipient mice (labeled E-H), analyzed as described in a. Lanes 25-28 show results for secondary 
transplant recipient mice; lanes 29 and 30 are controls as described in a, (f) Demonstration of correction of mutated GD40L by frans-splrcing in immunized 
mice (labeled l-L), analyzed as described in d. Lanes 31-34 show results for immunized mice with KLH; lanes 35 and 36 are controls as described in d. 
In panels a, b. c and e, *no rx' indicates untreated knockout mouse bone marrow (negative control). 
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mice. Wild-type controls were injected intratracheally with saline. 
Also at 8 weeks after injection, age- matched LVeGFP- treated CD40L- 
knockout mice showed decreased body weight (24.6 ± 0.8 g, mean ± 
s.e.m.) as compared with traMi-splicer- treated mice (27.3 ± 0.5, 
P < 0.01 fram-splicer-treated versus LVeGFP- treated) and wild-type 
mice (29.9 ± 0.5), suggesting that LVeGFP-treated mice, but not 
tran5-splicer- treated mice, developed P. carinii pneumonia. 

Lung sections from LVeGFP-treated CD40L-knockout mice stained 
with hematoxylin and eosin (H&E) showed substantial accumulation 
of lymphocytes, some macrophages and giant cells, thickened alveolar 
septa and exudation of amorphous foamy material into many of the 
alveoli, suggesting severe pneumonia (data not shown). In contrast, 
lung sections from rrfl«5-splicer-treated CD40L-knockout mice 
showed limited evidence of inflammation. Lung sections from wild- 
type mice were similar to those of saline-injected control mice (data 
not shown). Thus, trans-spliced CD40L therapy attenuated inflam- 
mation in lungs of mice infected with P. carinii. 

Consistent with these data, LVeGFP-treated CD40L-knockout mice 
showed substantial accumulation of Gomori methanamine silver 



Figure 3 Partial restoration of immunoglobulin subclass switching mediated 
by tos-spliced CD40L in response to a thymus-dependent antigen (KLH) 
in vivo, (a) IgM- KLH -specific antibodies in serum measured by EL ISA on day 
34. KO, knockout; WT, wild type, (b) IgGl-KLH-specifIc antibodies at the 
same time. For a and b, each data point represents the titer of one mouse. 
Bone marrow cells from wild-type mice transplanted to CD40L-knockout 
mice (KO + wild-type cells, n ~ 13) were used as a positive control, and 
LVeGFP-treated CD40L-knockout mice (KO + eGFP, n = 10) and untreated 
CD40L-knockout (n = 1 1) as negative controls. *P< 0.005, knockout + 
frans-splicer versus knockout + LVeGFP or untreated knockout mice. 

(GMS)-stained organisms in the lungs (Fig. 5a). Under high magnifi- 
cation, GMS-stained organisms had a cystic structure and nucleus, 
indicative of P, carinii (Fig. 5b). In contrast, fra«5-spUcer- treated mice 
showed a decreased area of GMS-stained organisms in alveoli 
(Fig. 5c). As expected, wild- type mice show very few GMS-stained 
organisms in alveoli (Fig. 5d), The saline-injected control mice had 
no GMS-stained organisms. These data illustrate the trans-spliced 
CD40L-induced attenuation of P. carinii infection. Consistent with 
these results, wet right lung weight decreased less in trans-splicer- 
treated mice than in LVeGFP-treated mice (0.15 g and 0.24 g, mean; 
P < 0.005 fmn5-spHcer- treated knockout versus eGFP- treated control 
knockout; Fig. 5e), and P. carinii ribosomal RNA was reduced in 
tram-splicer- treated mice as compared with LVeGFP-treated mice 
(0.35 and 1, mean, P < 0.005 tram- spUcer- treated knockout versus 
eGFP-treated control knockout; Fig. 50i frirther indicating attenuated 
P. carinii infection. 

Chronic P. carinii pneumonia in experimental mice results in the 
increased expression of interferon (IFN)-yand tumor necrosis factor 
(TNF)-a in the lungs of CD4+-depleted mice^^-^^. Consistent with 
the histology and P. carinii quantitative data, frans-splicer- treated 
CD40L- knockout mice showed decreased IFN-y in lung homogenates 
relative to LVeGFP-treated mice (mean, 45 pg/g tissue and 850 pg/g 
tissue, respectively; P < 0.005 fram-splicer-treated knockout versus 
eGFP-treated control knockout; Fig. 5g). Likewise, fram-splicer- 
treated CD40L-knockout mice showed decreased amounts of TNF-a 
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Figure 4 Analysis of CD40L expression in CD4+ T cells from CD40L trans-%p\\ce6 mice, (a) Expression in CD4+ cells from CD40L-knockout transplant 
recipient mice. Splenocytes were harvested from frans-splicer-treated CD40L-knockout mice 2 months after bone marrow transplantation, from wild-type 
mice or from untreated CD40L-knockout mice. At 0, 16, 40 or 64 h after activation, CD4+ T cells were stained with allophycocyanin-labeled antibody to CD4 
and phycoerythrin (PE)-labeled antibody to CD40L or PE-isotype control. Expression of CD4 and CD40L In CD4+ T cells was analyzed by flow cytometry. 
Percentage of CD4+CD40L+ celts are indicated in each panel. KO, knockout, (b) Expression in CD4+ cells from secondary transplant recipient mice. 
Splenocytes han/ested from secondary transplant recipient CD40L-knockout mice 8 weeks after secondary bone marrow transplantation and analyzed as in a. 
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Figure 5 Trans-spliced, CD40L-mediated attenuation of P. car/n/V infection in CD40L-knockout mice, (a-d) Lung histology 8 weeks after P. canVj// infection 
of frans-splicer-treated CD40L-knockout mice. Representative GMS stains of the lungs of wild-type, frans-splicer-treated CD40L-knockout and LVeGFP- 
treated CD40L-knockout mice after intratracheal challenge with 2 x 10^ P carm/7. (a) Low-magnification lung section from an LVeGFP-treated CD40L- 
knockout mouse infected with P. cariniL Box indicates the area magnified in b. (b) Same as a, high magnification, (c) Low-magnification lung section from 
a frans-splicer-treated CD40L-knockout mouse infected with P. carinii. (d) Low-magnification lung section from a wild-type mouse infected with R carinii. 
Bar, 100 ^m (a.c.d), 10 jim (b). (e) fra/is-spliced CD40L-mediated decrease in wet weight of right lung from mice infected with P. carinii. (f) Quantitation 
of P. carinii ribosomal RNA per right lung of infected mice using real-time quantitative RT-PCR. The mean of P carinii ribosomal RNAs of LVeGFP-treated 
knockout mice was set at 1. In both panels, each circle represents one mouse. Cg) Impact of frans-spliced CD40L on IFN-g levels, (h) Impact on TNF-a 
levels. IFN-g and TNF-a were assessed by ELISA in lung homogenates of mice infected with P carinii as described above. For both panels, each circle 
represents one mouse. *P< 0.005, frans-splicer-treated knockout mice versus LVeGFP-treated knockout mice. 



in lung homogenate relative to LVeGFP-treated mice (mean, 1,066 
pg/g tissue and 3,231 pg/g tissue respectively; P < 0.005 tram-splicer 
treated knockout versus eGFP- treated control knockout; Fig. 5h), 

CD40L correction does not lead to lymphoproliferative disease 

The lymphoproliferative disease developing by 6-9 months after 
therapy observed in prior studies of retroviral-mediated constitutive 
expression of normal CD40L cDNA in CD40L-knockout mice*^ sug- 
gested that natural regulation of CD40L is essential to the develop- 
ment of gene delivery as a therapy. To assess the possible 
development of lymphoproliferative disease in the tranj-spliced 
CD40L transplant recipients, mice were inspected for gross anatomi- 
cal pathology, and thymus, spleen and inguinal lymph nodes from 
mice were examined histologically. By 12 months after transplanta- 
tion, none of 26 mice evaluated had developed either gross or micro- 
scopic lymphoproliferative disease, representing a very low risk of 
such disease as compared with two previous studies (P < 0.0002), 
There was a significant difiference in incidence rates (? < O.OOOl) and 
further analysis using pairwise multiple comparisons between each 
pair of studies showed that the incidence rates for the studies of 
Brown et aO^ and Sacco et aO^ were significantly greater than for 
our study (63%, 33%, 0%; P < 0.0001 (Brown's study versus our 
study) and P < 0.0002 (Sacco*s study versus our study), respectively). 
As the result is highly significant, the issue of a type II error (beta 
error) is moot. Accordingly, it is not necessary to perform a sample 
size and power calculation. These results suggest that regulated 
expression of CD40L is required to avoid the development of lym- 
phoproliferative disease, and that regulated trans-spliced CD40L 
delivered by means of lentiviral vectors and bone marrow transplan- 
tation may be a safe therapeutic approach to HIGMl. 



DISCUSSION 

We have used lentivirus-mediated frans-splicing to correct a mouse 
model of HIGMl syndrome, preserving the naturally controlled 
endogenous levels of CD40L mRNA. We demonstrate that by opti- 
mizing the sequence, size and location of the hybridization domain of 
the exogenous trans-splicer, the correct 3' region of the CD40L 
mRNA can be spliced into the normal 5' portion of the endogenous 
RNA using gene transfer to bone marrow cells to correct a mouse 
CD40L-knockout model of HIGMl. After transplantation of the cor- 
rected cells to naive CD40L-knockout mice, the recipients demon- 
strated antigen-specific IgGl responses to KLH, regulated expression 
of CD40L on stimulated CD4"^ T cells in primary and secondary 
transplanted mice, and marked attenuation of proliferation of 
P. carinii in the lung after respiratory tract challenge. Assessment of 
the lentivirus-mediated, CD40L-corrected CD40L-knockout mice up 
to I year showed no evidence of lymphoproliferative disease. Thus, it 
is possible to correct the HIGMl syndrome by tra«5-splicing correc- 
tion at the mRNA leading to ftinctional correction of the gene muta- 
tion while preserving the regulation of the critically important, 
powerful CD40L gene. 

Lentivirus-mediated transfer of the normal 3' coding sequences of 
the CD40L gene to CD40L-knockout mice demonstrated persistent 
correction for at least 10 weeks (the longest time assessed), and sec- 
ondary transplanted mice demonstrated similar levels of correction. 
Previous studies by Liu et al}^ have shown that an adenovirus gene 
transfer vector coding for a 3' trarw-splicer can be used to correct a 
human airway epithelium explant model for a mutation in the cystic 
fibrosis transmembrane regulator gene, and Chao et al^^ have 
demonstrated an adenovirus-delivered 3' tra/i5-splicer to transiently 
correct a mouse model of factor VIII hemophilia. Our study extends 
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the use of fram-splicing to engraft hematopoietic stem cells with per- 
sistent, functional correction of a genetic defect. 

For many gene therapy applications it is satisfactory to use a consti- 
tutive promoter to drive the transgene. However, in applications 
where constitutive expression of the gene product can be deleterious, 
it is critical to regulate the expression of the exogenous transgene. 
There are several ways to accomplish this. If the appropriate regula- 
tory sequences for the gene of interest are known, they can be built 
into the expression cassette^^. By splicing into the endogenous 
mRNA, fra«5-splicing leverages the endogenous regulatory processes 
that control mRNA levels, thus circumventing the need to defme the 
regulatory elements. As long as the proportion of endogenous mRNA 
that is corrected remains the same, independent of the level of gene 
expression, frani-splicing correction should parallel the endogenous 
control mechanisms. In our study, this seems to be the case, with CD3 
triggering of CD40L expression increasing and then decreasing as in 
the normal regulatory process of CD4^ T-cell activation. Whereas 
constitutive expression of CD40L results in lymphoproliferative dis- 
ease none was observed in the corrected CD40L-knockout mice 
observed over a period of 1 year in our study. 

Brown and colleagues'^ reported that retrovirus- mediated transfer 
by means of bone marrow of the full-length CD40L cDNA transfer to 
CD40L-knockout mice resulted in successful restoration of cellular 
and humoral immunity, but 12 of 19 treated mice developed T- lym- 
phoproliferative disorders 6-9 months after treatment. These investi- 
gators concluded that insertional mutagenesis did not contribute to 
development of the lymphomas, as only a minor proportion of tumor 
cells contained proviral DNA, and the level of proviral DNA was no 
higher than the proviral DNA level of non- tumor transplanted bone 
marrow cells, Similarly, Sacco and colleagues*^ observed that CD40L- 
transgenic mice without regulated expression of CD40L resulted in 35 
of 105 mice developing atypical lymphoid proliferation, which occa- 
sionally progressed to frank lymphomas at ages from 6 to 12 months. 
The Sacco et al.^^ study used HTLVl promoters, and the investigators 
concluded that gene transfer of constitutively expressed genes for 
hereditary defects involving genes implicated in cell proliferation, 
which were normally under strict regulation, could be dangerous. 

Like individuals with HIGMl syndrome, CD40L-knockout mice are 
highly susceptible to opportunistic infection, including R carinii, 
Candida^ Schistosoma mansonu Cryptosporidium parvum^ lymphocytic 
choriomeningitis virus and Leishmania^^^^. Several lines of evidence 
in our study demonstrated that CD40L rrans-splicing correction of the 
CD40L-knockout mice substantially enhanced the ability of these 
immunodeficient mice to attenuate a respiratory tract challenge with 
P. carina. Previous studies have shown that chronic R carinii pneumo- 
nia results in a deaease of body weight in CD40L-knockout mice and 
an increase in expression of IFN-y and TNF-a in the lungs of mice 
depleted for CD4"'' T cells^^*^®'^'*. Attenuation of these parameters was 
observed in lungs of tr(i/t5-splicer-treated CD40L-knockout mice, sug- 
gesting that trfltt5-spliced CD40L ameliorates chronic R carinii pneu- 
monia in this model. In addition, histological and quantitative analysis 
confirmed that the presence of trans-spliced CD40L correlates with 
the attenuation of P. carinii pneumonia. 

In addition to targeting HIGMl in an animal model, other genetic 
repair strategies have shown promise in primary human cells (for 
example, erythrocyte precursors taken from patients with sickle cell 
disease or p-thalassemia) or in animal models of human disease (for 
example, cystic fibrosis or hemophilia)*^. Current efforts are focused 
largely on making these repairs efficient enough for clinical therapeu- 
tic benefit*^. In this study, low efficiency of transduction of vector to 
target cells and low efficiency of frans-splicing resulted in partial phe- 



notypic correction in mice. Low efficiency would be a major potential 
limitation for the application of trfl«5-splicing to human disease. 
Fortunately, in our study, transduced cells expressing CD40L allowed 
target cells to be amplified, ultimately generating an alteration in the 
disease phenotype. However, this situation will only exist in a small 
number of genetic diseases. Improving the efficiency of trans-splicing 
will render more diseases approachable by this technique. 

METHODS 

Protection against P. carinii. Animals were maintained and treated in accor- 
dance with the Institutional Animal Care and Use Committee of Weill Medical 
College of Cornell University and the US National Institutes of Health Guide 
for the Care and Use of Laboratory Animals, To assess the immune responses to 
a live pathogen relevant to HIGM 1 disease, R carinii organisms were isolated 
fi-om lungs of BALB/c nude mice (Taconic Labs) previously inoculated with 
R carinii^^. R carinii were purified by centrifugation, and protein antigen for 
ELISA was produced by sonication for 5 min as described^*. Briefly, frozen 
lungs were homogenized in 10 ml homogenization buffer (58.5 mM disodium 
phosphate, 1.5 mM monopotassium phosphate, 43.5 mM sodium chloride, 
10 mM trisodium citrate, 10 mM dithiothreitol and 2.7 mM potassium chlo- 
ride, pH 7.4), in a tissue grinder (Dounce; Wheaton), filtered through sterile 
gauze and centrifuged at 32^ for 5 min to remove large debris. The supernatant 
was centrifuged at 5,000^ for 10 min, and the pellet was resuspended in 
homogenization buffer and stained with modified Giemsa stain (Diff-Quik; 
Baxter). P. carina was quantified microscopically^^ and the inoculum concen- 
tration was adjusted to 4 x 10' P. carinii organisms per ml. Gram stains were 
performed on the inoculum to exclude contamination with bacteria. 

C57BL/6 wild-type, fro «5- splicer- treated CD40L- knockout and control 
eGFP-treated CD40L-knockout mice were Infected intratracheally with 2x10^ 
P. carinii organisms in 50 fll PBS. Wild -type control mice were injected intra* 
tracheally with 50 ^tl PBS. At 8 weeks after infection, mice were sacrificed and 
body weight was measured. Lungs and sera were collected, and left lungs were 
fixed with 4% paraformaldehyde for 8 h and embedded in paraffin. Lung 
sections were stained with H&E or GMS to detect P. carinii^^. After right lung 
weight was measured, RNA was isolated for assessment of P. carinii ribosomal 
RNA levels. Real-time quantitative RT-PCR against R carinii ribosomal 
RNA was used to assess levels of P. carinii infection in the lung using PGR 
primers 5'-ATGAGGTGAAAAGTCGAAAGGG-3' and 5'-TGAGGTCTCA- 
GATGAAAAACCTCTT-3'^''. The probe labeled with 6FAM had the sequence 
5'-6FAM-AACAGCCCAGAATAATGAATAAAGTTCCTCAATTGTTAC- 
TAMRA-3'-^^. Real-time PGR was done as described above, and P. carinii ribo- 
somal RNA was calculated relative to an eGFP-treated control. Right lungs 
were also used to determine IFN-y and TNF-a protein levels. The right lung 
specimens were homogenized in 10% (w/v) lung homogenate buffer (150 mM 
sodium chloride, 1 mM calcium chloride, 1 mM magnesium chloride, 0,5% 
Triton X-100, 15 mM Tris-HQ, pH 7.4) and centrifuged at 2,000^ for 10 min 
to remove debris. The supernatant was collected and IFN-y and TNF-a were 
evaluated by ELISA (R8cD Systems). To assess P, airmii-specific IgM and IgGl, 
R cflrin li-specific ELISA was carried out with 96- well plates coated with 
P cflrmn protein antigen (1 Jig/well) as described above. 

Assessment of lymphoproliferative disease. To assess whether the CD40L- 
corrected franj-spliccd CD40L-knockout mice developed lymphoproliferative 
disease, mice were sacrificed 3-12 months after transplantation and inspected 
for gross anatomical pathology. Thymus, spleen and inguinal lymph nodes 
were collected and embedded in paraffin. Tissue sections were stained with 
H8cE to analyze for the presence of lymphoproliferative disease. 

Statistical analysis. Comparisons for in vitro experiments were made using the 
two -tailed Student*s f-test and comparisons for in vivo experiments were made 
by Mann-Whitoey*s U-test. Comparisons for risk of development of lympho- 
proliferative disease were made by Fisher's exact probability test among the 
previous two results and our result. The Fisher exact test was used to compare 
the 12 -month incidence rates of lymphoproliferative disease across the three 
studies. Normally, one would perform a more formal 'survival analysis' on 
such data (where time would be *time until development of lymphoprolifera- 
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live disease'). Given that the raw data for the two pubHshed studies were not 
available, we chose to pick a common point in time, such that lymphoprolifer- 
ative disease status was known on all mice at that time. The chosen time was 12 
months, as our study (C) followed all mice for at least 12 months and each 
mouse's status was known at 12 months. As for the other 2 studies, Brown's 
study (A) reported incidence rates at 6-9 months of follow up and Sacco's 
study (B) at 6-12 months. Even though the status of a mouse only followed 
for, say, 6 months was not definitively known at 1 2 months, the published inci- 
dence rates serve as lower bounds for the actual 12-month rates in A and B. 
Therefore, the actual 12 -month rates would be at least as great compared with 
C, thus yielding even more significant results. 

Further information. The design and construction of fram-spUcer expression 
cassettes^^, the optimization of rratt5-splicer hybridization domains^', the 
in vitro assessment of CD40L protein produced by trans-spHcin^^, the func- 
tional analysis of frdm-spliced CD40L in vitro*^, the packaging and infection of 
lentiviral vectors^^"^, the ex vivo I entivirus- mediated gene transfer to bone 
marrow cells^^ the secondary transplantation, the real-time quantitative PGR 
and RT-PCR in vivo, the restoration of immunity against a thymus-dependent 
antigen and the assessment of regulated expression of CD40L (refis. 46-48) 
were done according to standard methodology. Details are given in the 
Supplementary Methods online. 

Supplementary information is available on the Nature Medicine website. 
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Partial correction of endogenous AF508 CFTR in 
human cystic fibrosis airway epithelia by 
spliceosome-mediated RNA frans-splicing 

Xiaoming Liu^t. Qinshi Jiang^t, S. Gary Mansfield"*, M. Putta^aju^ Yulong Zhang^'3, Weihong Zhou\ 
Jonathan A. Cohn^, Mariano A. Garcia-Blanco"*, Lloyd G. Mitchell^ and John F. Engelhardt^-^* 

Spliceosome-mediated RNA fraATs-splicing (SMaRT) was investigated as a means for functionally correcting 
endogenous AF508 cystic fibrosis transmembrane conductance regulator (CFTR) transcripts using in vitro 
human cystic fibrosis (OF) polarized ainA^ay epithelia and in vivo human CF bronchial xenografts. 
Recombinant adenovirus (Ad.CFT"R-PTM) encoding a pre-therapeutic molecule (PTM) targeted to CFTR 
intron 9 connected transepithelial cyclic AMP (cAMP)-sensitive short-circuit cun-ent (Isc) in AF508 homozygous 
epithelia to a level 16% of that observed in normal human bronchial epithelia. Molecular analyses using RT- 
PCR and western blotting confirmed SMaRT-mediated partial correction of endogenous AF508 messenger 
RNA (mRNA) transcripts and protein. In an in vivo model of AF508 CF airway epithelia, human CF bronchia! 
xenografts infected with Ad.CFTR-PTM also demonstrated partial con-ection of CFTR-mediated Ch perme- 
ability at a level 22% of that seen in non-CF xenografts. These results provide functional evidence for SMaRT- 
mediated repair of mutant endogenous CFTR mRNA in intact polarized CF ainway epithelial models. 



Since the cloning of the CFTR gene in 1989, numerous studies 
have attempted to develop safe and effective methods for correcting 
the CFTR gene defect in the lungs of CF patients. The majority of 
studies in this area have focused on identifying appropriate gene- 
delivery systems to the lung'-^. However, a potential hurdle in gene- 
addition approaches is the need to regulate CFTR expression in the 
appropriate cell types in the airway. Superimposed on the functional 
complexities of CFTR as a chloride channel and regulator of other 
channels is its diverse and heterogeneous expression profile in vari- 
ous airway cell typesl CFTR is expressed at high levels in a subset of 
cells in the surface airway epithelium and submucosal glands and at 
lower levels in ciliated cellsl Thus, high levels of ectopic CFTR 
expression in CF airway epithelia may inadequately complement the 
pathophysiological processes that lead to chronic bacterial infection 
in the CF lung. Researchers have attempted to define regulatory ele- 
ments required for appropriate expression of recombinant CFTR in 
the airway^, but strategies that require large regulatory elements are 
often limited by vector packaging capacity. Hence, repair of the 
defective CFTR gene product has theoretical and practical advan- 
tages for restoring physiological CFTR function. 

Cj5-splicing of pre-mRNA to mRNA is essential for gene expression. 
Splicing is catalyzed by a complex called the spliceosome^ An uncom- 
mon and less characterized mechanism for RNA processing involves 
iran5-splicing between different pre-mRNA molecules; this process 
has been demonstrated to form functional hybrid mRNAs in a num- 
ber of mammalian systems^*^. Recentiy, a technology to reprogram 
pre-mRNA by spliceosome-mediated RNA tram-splicing (SMaRT) 
was developed^^^o. Using SMaRT, Mansfield etal. successfully corrected 
mutations in cells expressing a AF508 CFTO mini-gene". However, the 



ability to correct endogenous mutant CFTR was not tested. In the pre- 
sent study, we have demonstrated that SMaRT can correct endogenous 
AF508 mutant CFTR pre-mRNA in CF airway epithelia and partially 
restore CFTR-mediated chloride transport. 

Results 

Partial correction of CFTR CI" conductance in AF508 CF airway 
epithelia in vitro. We demonstrated earlier that FTMs carrying exons 
10-24 of CFTR can repair mRNA derived from a AFSOS-CFTi? mini- 
gene by SMaRT (ref. 8). To investigate whether SMaRT could effi- 
ciently correct endogenous AF508 CFTR transcripts in polarized 
human CF airway epithelia, we generated two adenoviral constructs 
encoding two different CFTR PTMs (Fig. 1). Infection of CF airway 
cultures with either Ad.CFTRPTM-15 or Ad,CFr/2PTM-24 (multi- 
plicity of infection (MOI) = 2,000 particles/cell) provided significant 
complementation (1 2- 16%) of 3-isobutyl- 1-methybcanthine 
(IBMX)/ forskolin-inducible IsCmax as compared with non-CF con- 
trols (Fig. 2). Following amlloride inhibition of epithelial sodium 
conductance, increases in CFTR transepithelial CI" current were 
observed in response to IBMX/forskolin stimulation. Addition of 
bumetanlde, which blocks uptake of Cl" from the basolateral mem- 
brane, inhibited IBMX/forskolin-stimulated Isc and indicated that 
changes in Cl" movement were due to active transport and not passive 
diff'usion (Fig. 2B). Correction with Ad.CFT/2PTM-24 and 
Ad.CFTOPTM-15 was approximately equivalent to that achieved 
with a recombinant adenovirus encoding full-length CFTR comple- 
mentary DNA (cDNA) (Ad.CMVCFr/9'> at an MOI 10-fold lower 
than that used for the PTM constructs (MOI = 200 particles/cell) . No 
funcUonal correction with Ad.CFTRPTM-15 or Ad.CFr/?PTM-24 
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Figure 1. Schematic diagrams of CFTR PTMs and pre-mRNA target. (A) PTM-15 
and PTM-24 differ only in their binding domain sequences, defined as the length 
and regions of base pairing to CFTR intron 9. The complete sequence of each 
PTM fra/is-splidng domain (TSD) is shown in the boxed region. For each TSD, 
the PTM binding domain sequence is printed in bold and the splice elements (BP, 
PPT, and splice acceptor site) are underlined. The presumed BP adenosine used 
in lariat formation is circled. The structures of PTM-15 and PTM-24 (rans-splidng 
cassettes cloned within recombinant adenoviral vectors are shown below. 
(B) Schematic representation of the SMaRT mechanism, BD, Binding domain; 
BP, branchpoint; PPT, polypyrimidine tract; SS. splice site. 



was seen at MOIs of 200 particles/cell (data not shown). Importantly, 
CF epithelia infected with a negative control adenovirus 
(Ad,UcZPTM-24) carrying a 3'-segment of LacZ^ ^^ (Fig. 2C) pro- 
duced no IBMX/forskolin responses and also controlled for the 
integrity of the epithelium following adenoviral infection. A summa- 
ry of data obtained from multiple experiments is shown In Figure 2D, 
Infection with AdCF77JPTM-15 and Ad.CFrRPTM-24 elicited 
IBMX/forskolin-induced changes in Isc that were 11.9% and 16.0% 
of the level in normal human airway cells, respectively. In contrast, 
infection with the control (Ad.LacZFTM-24) resulted in a slight 
decrease in Isc following IBMX/forskolin treatment. 

Detection of tran^-spliced CFTR mRNA and protein. SMaRT 
repair was evaluated by the presence of the F508 codon in CFTR 
mRNA derived from polarized epithelia infected with Ad. CFTRPTM- 
24. RT-PCR products generated with allele-specific primers were eval- 
uated by gel electrophoresis and allele-specific oligonucleotide 
hybridization. PCR analysis of plasmid controls demonstrated the 
specificity of these assays (Fig. 3, lanes 10-13). AFSOS-speciflcRI-PCR 
products were detected in all primary CF airway cultures tested (Fig. 3, 
lanes 1-3) . No products were detected when reverse transcriptase was 
omitted, demonstrating specificity for mRNA (lanes 4 and 8). Wild- 
type F508-specific RT-PCR products were not detected in AF508 



human airway cells infected with a control adenovirus (lane 7) but 
were produced in airway cuhures infected with Ad.CFrRPTM-24 
(lane 5) or full-length Ad.CMVCFTT? (lane 6). These results con- 
firmed the correction of AF508 CFTR transcripts in our primary 
culture model. Allele-specific oligonucleotide hybridization was 
performed to exclude the possibility of nonspecific amplification 
(Fig. 3). These experiments confirmed that the wild-type F508 
CFTR codon was present only in samples infected with 
Ad.CiTM>TM-24 or Ad.CMVCFT/?. 

To assess whether cells infected with Ad.CfTRPTM-24 were 
capable of producing fully processed CFTR protein, we evaluated 
CFTR protein levels using two immunoprecipitation approaches. 
Unfortunately, the amount of material harvested from non-CF 
polarized airway cultures was insufficient to detect wild-type 
CFTR. Thus, alternative systems were used to confirm the ability of 
Ad.CFr/iPTM-24 to correct AF508 CFTR protein. The first model 
tested for corrected protein in HeLa cells expressing a CFTR mini- 
gene target*. CFTR was immunoprecipitated using a polyclonal 
anti-CFTR antibody followed by western blotting with an N-termi- 
nal specific anti-CFTR antibody. These studies confirmed that pre- 
mRNA from a CFTR mini-gene target could be corrected to pro- 
duce CFTR protein following Ad.CFr/?PTM-24 infection 
(Fig. 4A, lane 1). The banding pattern and size of the immunoreac- 
tive protein products were similar to those seen following expres- 
sion of full-length CFTR protein widi the Ad.CMVCFTR control 
(lane 2). No immunoreactive CFTR protein was detected in con- 
trols transfected with Ad.CfT/3TM-24 or mini-gene target alone 
(lanes 3 and 4). Estimates of the level of correction with 
Ad.Cfr/2PTM-24 were -2% of that seen at equivalent MOIs with 
Ad.CMVCFT/?, assuming 100% recovery by immunoprecipitation. 
Although these data demonstrate that kd.CFTRPlM-24 is func- 
tional, they do not address endogenous CFTR mRNA repair. To this 
end, we evaluated t/a/i5-splicing in T84 cells that produce high lev- 
els of CFTR protein. As this cell line harbors the normal F508 
sequence, the His-tag incorporated into the C terminus of CFTR 
was used as a marker for fra/)s-splicing and protein correction. 

7han5-spliced CFTR protein expressed in T84 cells was affinity- 
captured with Ni-NTA magnetic agarose beads and detected by 
western blotting with an anti-N-terminal CFTR antibody. As 
shown in Figure 4B, CFTR immunoreactivity detected in 
- Ad.C/TMTM-24-infected T84 cells (lane 2) demonstrated a 
banding pattern comparable to that of the fully processed wild-type 
CFTR (lane 3). Importandy, CFTR immunoreactivity was absent in 
T84 cells that were not infected with Ad.CiT/2PTM-24 (lane 1), The 
efficiency of adenoviral infection of T84 cells was -20% according to 
green fluorescent protein (GFP) reporter gene expression. Based on 
this infection efRciency and the abundance of His-tagged CFTR 
(Fig. 4B, lane 2 vs. lane 3). the level of full-length CFTR immunoreac- 
tivity following Ad.CiT/aTM-24 infection was -0.2% that of the 
endogenous protein. However, the efficiency of Ni-NTA precipitation 
is currently unknown, making such calculations nonquantitative. 
Nonetheless, these results demonstrate that delivery of Ad. CFTRPTM- 
24 into CFTR-expressing cells can generate tran5-spllced. full-length, 
CFTR protein. 

In vivo correction of CFTR Cl" permeability in AF508 CF bronchial 
xenografts. To further evaluate the functional correction of CFTR by 
SMaRT in a more native model of the human airway, we used an 
in vivo human bronchial xenograft model system '^ '^ AF508 homo2y- 
gous CF xenografts were Infected twice with Ad.CFIRPTM-24 or 
Ad.iacZPTM24 control virus. Serial infection typically gives -50% 
transduction of airway epithelia'^ Infected xenografts were analyzed 
for cAMP-inducible changes in CFTR-mediated Cl" permeability by 
monitoring transepithelial potential difference (PD)*l As summarized 
in Figure 5, cAMP/forskolin-induced changes in PD were significantly 
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greater {P < 0.001) in A6.CFTRPTM'24 (5.8 ± 0.6 mV) compared 
with Ad.Lac2PTM-24 (1.6 ± 0.7 mV) -infected CF xenografts. This 
change is indicative of increased Cl" permeability and is consistent 
with the activation of CFTR Cl" channels. In comparison with non-CF 
xenografts, which demonstrate an average APD of -18.9 ± 3.2 mV 
under identical Cl" secretory conditions", this 4.2 mV difference seen 
between Ad.CFrRPTM-24 and Ad.LacZPTM-24 represents -22% 
correction of normal CFTR function in the airway. This finding in 
xenografts is strikingly similar to the results obtained in polarized air- 
way eplthelia, where Ad. CFTI^TM~2i corrected Cl" secretory Isc to a 
level 16% of that of non-CF samples. In summary, these studies 
demonstrated reasonably efficient correction of CFTR function in CF 
bronchial xenografts by SMaRT. 

Discussion 

Recent advances in RNA frans-splicing provide a spliceosome- 
mediated strategy for correcting gene defects at the RNA level^-l One 
advantage of SMaRT is that only those cells expressing the targeted 
gene product can be corrected, avoiding potential problems associated 
with ectopic expression of a transgene. Given the heterogeneity of 
CFTR expression in the lung and complexities associated with its 
function, it has been theorized that reconstitution of endogenous 
CFTR expression may be required to restore normal electrolyte and 



Figure 3. Evaluation of RNA ^ra/7s-splicing repair by allele-specific 
RT-PCR and allele-specific oligonucleotide hybridization. Allele-specific primers 
were used to specifically amplify mutant AF508 (lanes 1-4) or wild-type F508 
(lanes 5-8) mRNA from polarized epithelial cultures infected with adenoviral 
constructs. MOIs used for adenoviral infection were identical to that shown in 
Figure 2. PGR products were visualized on an ethldium bromide (EtBr) agarose 
gel (top panel). The omission of reverse transcriptase was used as a control for 
mRNA but not DNA amplification. Allele-specific plasmid controls containing 
either a mutant AF508 (lanes 1 1.13) or wild-type (lanes 10,12) CFTR cDNAs 
were used to confirm the specificity of the PGR reaction. Lane 9 contains a 
100-bp DNA ladder. The arrow to the left of the gel indicates the appropriately 
sized GFTR amplification product. PGR products were evaluated by Southern 
blotting for the presence of the wild-type F508 codon using allele-specific 
oligonucleotide hybridization against a ^P-labeled wtGFTR-specific antisense 
oligonucleotide probe (bottom panel). 



Figure 2. Transepitheliat short-circuit currents in 
a AF508-homozygous CF model of polarized 
airway epithelia. Functional correction of CFTR- 
mediated chloride currents was evaluated in 
polarized CF epithelia following recombinant 
adenoviral expression of CFTR PTMs. (A-C) 
Typical short-circuit cunrent (Isc) profiles under 
the various experimental conditions. After 
addition of amiloride (100 ^M) to inhibit epithelial 
sodium conductance, IBMX (100jiM)/forskolin 
(10 nM) was used to stimulate CFTR-mediated 
transepithelial Ch cunrent. The maximum 
amplitude (pA) of the IBMX/fbrskolin response 
correlates with the magnitude of Ch transport 
across the epithelia and was used to calculate 
IsCmax.The sequential addition of bumetanide 
(100 jiM) at the end of the experiment blocks all 
Ch movement into the cell from the basolateral 
membrane and serves as control for active 
transepithelial Ch transport under secretory 
conditions. The following Isc profiles are 
represented: (A) Non-CF ainvay epithelial culture; 
(B) Ad.C/T/?PTM-24.infected AF508MF508 CF 
epithelial culture; (C) Ad.LacZPTM-24-infected 
AF508/AF508 CF epithelial culture. (D) Graphical 
summary of the cumulative Isc data from multiple 
experiments. Results indicate the maximal mean 
{± s.e.m.) change in fbrskolin/IBMX-inducible Isc 
for n experiments, t Denotes statistically 
significant differences between values {P < 0.01 ) 
using the Student's Mest 



fluid balance to the CF lungl Furthermore, overexpression of CFTR in 
some cell lines has been found to decrease membrane potential and 
intracellular pH (ref. 15). Other studies have suggested that hyperex- 
pression of CFTR causes expansion in cell volume and subsequent cell 
abnormalities'^ in addition to alteration of the physiological 
properties of the CFTR channel These observations suggest that 
overexpression of CFTR may be deleterious to airway cells. SMaRT 
provides one approach to circumvent these potential problems associ- 
ated with high-level ectopic CFTR expression. 

In this study we have demonstrated that SMaRT can restore partial 
function to endogenous AF508 CFTR. Ck)rrection has been confirmed 
by the detection of repaired mRNA, mature CFTR protein, and func- 
tional restoration of chloride transport. Furthermore, we provide 
functional evidence for SMaRT-mediated repair of endogenous pre- 
mRNA in two differentiated native CF airway epithelial models. 
Although quantification of franj-spliced CFTR protein in differentiat- 
ed airway models was not possible because of insufficient material, 
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Figure 4. 1 mm unod election of f/ans-spliced CFTR protein. HeLa and T84 cells were evaluated for the ability of 
Ad.CF7RPTM-24 to produce fully processed CFTR protein from exogenous or endogenous pre-mRNA targets. 
(A) HeLa cells were transfected with a CFTR mini-gene target (pAF508Target) expressing AF508 mRNA, 
followed by infection with Ad.CFrRPTM-24 (MOI 5,000 particles/cell). Controls included HeLa cells transfected 
with the mini-gene target or infected with Ad.CFrRPTM-24 alone. Following transfection and/or infection, cell 
lysates were immunoprecipitated with a rabbit anti-CFTR antibody, and western blots were performed with an 
N-terminal anti-CFTR antibody. As a positive control, Ad.CMVCFTT? infection (MOI 5,000 particles/cell) was 
used. (B) T84 cells were used to evaluate the ability of Ad.CFT/?PTM-24 to target endogenously produced 
CFTR mRNA. Ni-NTA magnetic agarose beads were used to capture frans-spllced full-length CFTR protein 
that contained a C-terminal His-tag. Both uninfected (lane 1) and Ad.CF7RPTM-24-infected (lane 2)T84 cells 
were evaluated. Following Ni-NTA precipitation, the level of immunoreactive CFTR proteins was evaluated by 
western blotting using an N-terminal anti-CFTR antibody. As a positive control, 5.0 |j.g of soluble membrane 
proteins from T84 cells were used (lane 3). 
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evidence in HeLa and T84 
cells suggests a fairly low level 
of tna/15-spliced protein 
(0.2-2%). This is -10-foId 
less efficient than the func- 
tional correction of chloride 
transport In polarized airway 
models (16-22%). Several 
factors may have influenced 
this finding. First, the efficien- 
cy of trans-splicing may be 
higher in polarized airway 
epithelia than in transformed 
cell lines. Second, the comple- 
mentation profile necessary 
to achieve wild-type levels of CFTR chloride transport may be differ- 
ent from that for CFTR protein expression. We feel the latter 
rationale is the most plausible. 

The quantity of CFTR mRNA necessary to retain a normal pheno- 
type has been studied in a number of model systems. The most direct 
measurements were performed in phenotypically normal individuals 
with splicing polymorphisms that deleted part of nucleotide binding 
domain- 1 (NBDl) from CFTR mRNA, leading to nonfunctional tran- 
scripts. These studies of phenotypically normal individuals with CFTR 
splicing polymorphisms suggest that only 8% of normal CFTR mes- 
sage is required for normal lung function***. Quantitative analysis has 
demonstrated that CFTR transcripts are expressed in nasal, tracheal, 
and bronchial epithelia at -1-2 copies per cell in normal individuals 'I 
Together, these studies provide an important conceptual framework for 
interpreting the efficiency of SMaRT in correcting CFTR-assodated Cl~ 
transport abnormalities. An alternative interpretation of complemen- 
tation arises finom studies emplcying viral vectors expressing full-length 
CFTR cDNAs in airway models. In contrast to studies correlating phe- 
notypes with the level of endogenous CFTR mRNA, gene transfer stud- 
ies have determined the percentage of CFTR-overexpressing cells that is 
required to achieve functional correction. These studies have suggested 
that as little as 6% complementation is required to fully correct CFTR 
functional defects in Cl~ transport^^. However, the setting in which a 
minority of cells express high levels of CFTR protein Is probably quite 
different from the present study, where we presumed that the majority 
of airway cells express a small amount of CFTR protein at endogenous 
sites. The ability of an epithelium to properly regulate transepithelial 
CI" transport in the setting of high-level CFTR expression in a minori- 
ty of cells stems from the potential of polarized airway epithelia to pas- 
sively equilibrate Cl" throughout the epithelial layer through cell-cell 
coupling^**. We consider that the partial functional correction produced 
by SMaRT CFTR gene therapy is most analogous to that seen in pheno- 
typically normal individuals with CFTR splicing polymorphisms who 
express low levels of CFTR protein in most of their airway cells. 

Another explanation for the relatively high efficiency of trans- 
splicing to correct Cl" transport abnormalities, in association with 
low protein expression, may stem from the fact that native CFTR 



protein expression in the airway is highly regulated^'-^l Certain cell 
types in the airway express high levels of CFTR protein, while 
others, such as ciliated cells, have strikingly low concentrations of 
CFTR protein and mRNA but detectable levels of CFTR chloride 
channel activity^^-^*. The significance of this regulation is presently 
unclear, but it has been postulated to play a role in controlling ion 
flow across the epithelium^. In addition to transporting chloride, 
CFTR also regulates other channels such as epithelial sodium 
channel (ENaC). The coordinated activation of these channels is 
important in maintaining proper salt movement across the airway 
epithelium. Superimposed on this regulation is the fact that ENaC 
and other ion channels may have overlapping but distinct expres- 
sion profiles in airway epithelial cells^. Thus, reconstitution of C3FTR 
protein expression in the airway (even partial restoration) may be 
more efficient at complementing Cl' transport defects than treat- 
ments generating supraphysiological expression of CFTR in the 
wrong cells. It is also important to recognize that Cl" transport is 
only one index of CFTR function. Currently, it is unclear whether 
correction of bulk Cl" transport across the airway epithelium alone 
will prevent or reverse lung disease in CF. If indeed Cl" transport is 
the only functional defect in CFTR responsible for lung disease, 
then SMaRT may not have the therapeutic potential conferred by 
cDNA vectors that express large quantities of CFTR in some airway 
cells. Resolution of this question awaits the development of authen- 
tic animal models for CF lung disease. 
Several aspects of the present study are worth noting when interpret- 
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Figure 5. In vivo complementation of CFTR Cl" permeability defects in 
AF508/AF508 CF bronchial xenografts. To evaluate the ability of trans- 
splicing to functionally correct CFTR defects in a human CF airway model, 
AF508/AF508 CF xenografts were infected with either Ad.CFrRPTM-24 
or Ad.LacZPTM-24. and potential difference measurements were 
evaluated under conditions that stimulate CFTR activity. Data represents 
the mean (±s.e.m.) change in mV responses to amiloride, cAMP/forskotin. 
and UTP for n independent xenografts, t Denotes statistically significant 
differences between values (P < 0.001) using the Student's West. 
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ing the clinical utility of SMaRT technology for gene therapy of cystic 
fibrosis. First, the model systenns and delivery vector (i.e., recombinant 
adenovirus) were chosen to test the feasibility of SMaRT for correcting 
endogenous CFTR defects and not the clinical application of this tech- 
nology. For example, recombinant adenovirus in all likelihood will not 
be the vector of choice for gene therapy to the lung, because it is rela- 
tively ineffective at transducing airway epithelia from the apical sur- 
face. Although this vector system was effectively used to test SMaRT, 
the delivery methods used in the present study are not directly translat- 
able to clinical in vivo use (i.e., basolateral infection or serial infection 
with vector at high titers). Recombinant adeno-associated virus 
(rAAV) will probably be the vector of choice for clinical applications in 
CF from an efficacy and safety standpoint. Second, the choice of vector 
system will also determine whether the therapeutic application of 
SMaRT will provide long-term correction. Integrating SMaRT vectors 
(i.e., rAAV) have the potential to provide long-term correction if stem 
cells in the airway are transduced, whereas nonintegrating vectors such 
as recombinant adenovirus can only provide transient correction. 
Finally, additional theoretical limitations of SMaRT that remain to be 
addressed include the potential of trans-splicing into non-CFTR 
mRNAs. 

Our findings demonstrate the potential feasibility of applying 
SMaRT technology to the gene therapy of cystic fibrosis. Genetic 
reprogramming of RNA by SMaRT may also have utility for many 
other disorders, SMaRT technology fills a specific niche in gene ther- 
apy that allows for native expression of corrected gene products with- 
out the need for complex regulatory elements capable of delivering 
gene products at their endogenous sites of expression. This will have 
the greatest utility for diseases in which ectopic expression of a gene 
product has deleterious consequences or when a mutated gene prod- 
uct gives rise to a dominant negative phenotype. Furthermore, as 
PTM expression cassettes can be much smaller than those encoding 
fuil-length cDNAs, SMaRT also allows for the use of smaller vectors 
such as rAAV with limited packaging capacity. In the case of CFTR 
delivery this is particularly relevant as the full-length CFTR cDNA 
can Just fit into a rAAV vector, leaving no space for a promoter. 

Experimental protocol 

Generation of recombinant adenoviruses expressing trans-splicing PTMs. 
The structure of PTMs targeting intron 9 of CFTR have been described^. The 
structure of PTM-24 and PTM- 15. and the proposed t/am-splicing mecha- 
nism between the PTM and CFTR pre-mRNA, are illustrated in Figure 1. 
These PTMs were incorporated into recombinant adenoviruses 
(Ad. CiTRPTM-1 5 and Ad. CfTRPTM-24) and are designed to replace CFTR 
exons 10-24. Plasmlds containing CFTR PTM-24 or CFTR PTM-15 were 
digested with Nhel and Pmel, blunt-ended, and subcloned into the 
pAd.CMV-link plasmid^ at the fcoRV site. Recombinant adenovirus was 
generated from these proviral plasmids (pAd. CFTRPTM- 1 5 and 
pAd.CFT/;PTM-24) as described^l Similarly, two control adenoviral vectors 
(Ad.LacZPTM- 15 and Ad.LacZPTM-24) , with a LacZ S'-exon. were also gen- 
erated'^The particleiplaque-forming unit ratio (particle :PFU) was typically 
equal to 25 for all constructs. 

Short-circuit current (Isc) measurement in polarized airway epithelia. 
Freshly Isolated human airway epithelial cells from either non-CF or AF508- 
homozygous CF bronchial airways were seeded in 12-mm MilUcell culture 
inserts (Milllpore, Bedford, MA) pre-coated with collagen. Methods for gen- 
erating these air/liquid Interface cultures were as described", A transepithe- 
lial resistance of >500 Indicated the proper formation of tight junctions and 
the readiness of a monolayer for Isc measurement. The airway cultures were 
infected with 50 \i\ of virus-containing medium to the basolateral side of the 
epithelia at an MOI of 200-2,000 particles/cell. The cells were incubated at 
ST'C for 2 h before the epithelia were returned to 0.6 ml of basolateral medi- 
um and Incubated for an additional 48 h. Gene transfer efficiency was evalu- 
ated using an Ad.GFP vector and demonstrated transduction of >90% airway 
cells at an MOI of 2.000 particles/cell. Transepithellal short-circuit currents 
were measured using an epithelial voltage clamp and a self-contained Usslng 



chamber as described^". Throughout the experiment, the chamber was main- 
tained at 37'C and aerated with Oi. The basolateral side of the chamber was 
filled with buffered Ringer's solution containing 135 mM NaCi, 1.2 mM 
CaClz. 1.2 mM MgClz, 2.4 mM KHzPO^, 0.2 mM KzHPO^, and 5 mM HEPES, 
pH 7,4. The apical side of the chamber was filled with a low-chlorlde Ringer's 
containing 135 mM sodium gluconate. 1.2 mM CaClz, 1.2 mM MgClz, 
2,4 mM KH2PO4. 0.2 mM KjHPO^ and 5 mM HEPES. pH 7.4. 
Transepithellal voltage was clamped at zero, and the resulting Isc was mea- 
sured and recorded. Voltage was referenced to the apical compartment. The 
series resistance of the Ringer s solution and transwell membrane was electri- 
cally compensated before initiating experiments. All chemical agonists and 
antagonists were added to both the apical and the basolateral sides of the 
monolayer by direct Injection and mixed by aerating the Ringer s. 

Detection of repaired CFTR mRNA by RF-PCR and Southern blotting. 
Polarized airway epithelial cultures prepared from non-CF or AF508- 
homozygous human bronchial epithelial cells were infected with recombi- 
nant adenovirus as described above. Cells were harvested into lysis buffer 
(Qlagen Total RNA Isolation kit; Qiagen, Valencia, CA) at 48 h post infection 
and pooled for each group composed of four Identical cultures. Total RNA 
was Isolated using a Qiagen Total RNA Isolation kit, cDNA was synthesized 
using a RT-PCR kit from Invltrogen (Carlsbad, CA), and the repaired CFTR 
mRNA was amplified by two rounds of PGR using the following primers: 

Primer A: 5'-AGAATGTAACAGCCTTCTGGGAGG-3' 

Primer B: 5'-AGAAATTCTTGCTGGTTGACCTCC-3' 

Primer C: 5'-CTTCTTGGTACTCCTGTCCTG-3' 

Primer D: 5'-ATCATAGGAAACACCAAAGATGA-3' 

Primer E: 5'-TCATAGGAAACACCAATGATAT-3'. 
The outer primers (primers A and B) were designed to amplify a 500-bp 
region harboring the F508 region. The inner primers were composed of a 
common forward primer (primer C) for both the cis- and tra/is-spliced prod- 
ucts, but different reverse primers based on either the wild-type F508 
(primer D) or AF508 sequences (primer E). The PGR products were resolved 
by electrophoresis, and Southern blot hybridization was performed with a 
^P-labeled allele-speclfic oligonucleotide for the wild-type F508 sequence 
(5'-C ATCTTTGGTGTTTGCT-3') . 

Detection of repaired CFTR protein by immunoblottlng. HeLa cells were 
transfected with a Cf77? mlnl-gene target construct" using Llpofectamlne 
(Life Technologies, Galthersburg, MD). After transfectlon, the cells were infect- 
ed with Ad,Cf77?PTM-24 (MOI of 5.000 particles/cell) for 48 h and harvested 
by the addition of lysU buffer. (20 mM Trls. 2% CHAPS. 150 mM NaCl. pH 7.4. 
containing a protease inhibitor cocktail tablet) and cleared by centrlfugatlon. 
The supematants were then Immunopreclpitated with antl-CFTR polyclonal 
antibody (Santa Cruz Biotechnology. Inc., Santa Cruz. CA) followed by west- 
ern blotting with an N-termlnal anti-GFTR monocJonai antibody (Upstate 
Biotechnology Inc., Lake Placid. NY). ImmunoreacUvlty was detected with 
peroxldase-conjugated secondary antibody using an ECL detection kit. 

The production of reprogrammed CFTR protein from endogenous 
^mRNA was evaluated using T84 cells, T84 cells were Infected with 
Ad,Cf77!PTM-24 (MOI of 5.000 particles/cell) and harvested at 48 h post 
Infection. Cells were lysed by passing five times through a 25-gauge needle. 
Lysates were then centrlfuged at 1,500 g for 10 mln at 4*'G to remove large 
particulate material and centrlfuged again at 100,000 ^ for 1 h at 4°G to 
Isolate the pelleted membrane fraction. Membrane pellets were resus- 
pended with lysis buffer and incubated for 30 mln at 4°G and centrlfuged 
at 100,000 ^ for 1 h at 4°G. The supernatant containing the soluble mem- 
brane proteins were used for immunopreclpitatlon and western blotting. 
Briefly, Hls-tagged CFTR in the supernatant was affinity- purl fled using 
Ni-NTA Magnetic Agarose Beads (Qiagen). Western blotting was done 
with an antl-N-terminal CFTR antibody following the same procedure 
described above, 

PTM-mediated repair of AF508 CFTR in human bronchial xenografts. 
Human bronchial xenografts were generated from primary AF508 homozy- 
gous CF bronchial airway epithelial ceils as described". Xenografts were 
sequentially infected in v/vo twice at 16-h intervals with 1 x 10'^ particles of 
Ad,Cf77a'TM-24 starting at five to six weeks post-U-ansplantatlon, This 
level of Infection provides -50% transduction, as evidenced by recombinant 
adenoviral reporter gene expression'! Xenografts were analyzed 72 h after 
the last infection by monitoring cAMP-induced changes In transepithellal 
PD as described''. The cAMP-induced CI" permeability was continuously 
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